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P R E F A C E
The possibility of adverse health effects from exposure to electric and 
magnetic fields (EMF) has generated a heated controversy in recent 
years, “debated” before the public through the national broadcast and 
print media. The American worker would justifiably be concerned 
and deserves a clear message on this issue. It is usually the case with 
environmental exposures that workers are exposed “first and 
worst,” as potentially hazardous chemicals, materials, andagents 
are introduced first for industrial purposes, and used in ways that 
expose workers to much higher concentrations than would generally 
occur in the community. This is true for EMF among certain 
occupations in utilities and other industries where frequent, persis­
tent, or high exposures may occur.
The National Institute for Occupational Safety and Health (NIOSH) 
is the federal research agency charged with “assuring safe and 
healthful working conditions” for all workers. Towards this end, it is 
the responsibility of NIOSH to lead in the development of national 
scientific priorities. In January 1991, NIOSH convened a scientific 
workshop to develop a research agenda on the health effects of EMF 
and methods for reducing exposures.
At theworkshop, we brought together leading scientists to discuss the 
relevant aspects of a research agenda and prevention strategies. We 
endeavored to clarify what is known, and to identify what is not 
known so as to plan a research agenda that will fill gaps in our current 
knowledge. In this way, we intend to push forward the availability of 
knowledge necessary for the protection of workers. We hope this 
coalescing of expertise will assist the progress of all partners in this 
field. We need to focus our efforts in evaluating the potential hazards 
of EMF until we understand the nature and extent of any effects and 
howto preventthem. Then, wewill bring our findings to occupational 
safety and health professionals, employers, and employees.
This year, NIOSH marks its 20th anniversary. I am delighted that we 
started this anniversary year with this workshop. It is in the best 
tradition of the Institute. I hope you will find these Proceedings 
useful. For those who attended the workshop, this document will 
serve as a record of the excellent plenary papers presented. For those 
who were not able to attend, and for others wishing to gain insight into 
EMF research needs, we trust this text will serve as an excellent 
reference.
Finally, I wish to thank the Chair and Co-Chair of this workshop, Mr. 
Philip Bierbaum and Dr. John Peters. Dr. Peters was instrumental in 
the selection of presenters and the program content; Mr. Bierbaum 
was responsible for organizing it all. Of course, each of the individual 
plenary paper presenters, panel moderators and rapporteurs, and 
panel members made possible this text I applaud all of these efforts 
in making the wort
Director, National Institute for 
Occupational Safety and Health
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EX EC U TIV E SU M M A R Y
The National Institute for Occupational Safety and Health (NIOSH) 
convened a group of scientists on January 30-31,1991, in Cincinnati, 
Ohio, to develop a national research strategy on the health effects of 
electromagnetic radiation on workers. The purpose of the workshop 
was to review current data and new findings regarding electric and 
magnetic fields which may have relevance for occupational exposures; 
to identify knowledge gaps that might be filled by directed research; 
and to recommend a national research agenda which, if implemented, 
would close the gaps and permit reliable recommendations for 
protecting workers. The workshop emphasized electric and magnetic 
fields at frequencies up to 1000 Hz, excluding static fields; and 
carcinogenic, reproductive, and neurologic health effects. 
Approximately 300 individuals attended the workshop, including 
120 from governmental agencies, 35 from academia, 20 consultants, 
25 from the health care field, 40 from general industry, 30 from utility 
companies, and 30 from research laboratories.
Five plenary papers were presented, each addressing a specific aspect 
of potential health effects from exposure to electric and magnetic 
fields, exposure assessments, or controls as they relate to workers. 
The five presentations covered:
♦ In V/iro/Cellular Mechanism Studies
♦ In Vivo Studies
♦ Epidemiologic Studies
♦ Exposure Assessments, and
♦ Methods for Reducing Exposures.
Panels of scientific experts in the five areas, using the information 
presented in the plenary papers, focused on the development of the 
national research agenda.
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These Proceedings, then, serve as a report to the Nation based on the 
interaction and discussions that occurred during the workshop. Dr. 
J. Donald Millar indicated in his introductory remarks at the workshop, 
that this document would provide a lasting record of the excellent 
plenary papers that were presented, and would focus research on the 
needs that were identified for worker protection. These Proceedings 
provide the reader with the following information:
♦ An executive summary which highlights the findings 
from the workshop.
♦ The five plenary papers which served as the basis for 
the panel discussions.
♦ The research recommendations which resulted from 
the panel deliberations.
♦ A glossary of terms that is useful for familiarizing the 
reader with the terminology that is used in this 
scientific field.
♦ Details on how to obtain a copy of the NIOSH 
bibliography that was provided to the participants of 
the workshop.
It should be noted that the initial terminology used to charac­
terize the workshop (i.e., “electromagnetic radiation”) is more 
correctly referred to as “electric and magnetic fields (EMF).” 
Therefore, the title of these Proceedings and the terminology 




♦ The frequency range initially identified (i.ê  up to 1000 Hz,
excluding static fields) is appropriate for a research 
agenda dealing with the workplace.
♦ There is uncertainty about the relationship between exposures
to electric and magnetic fields and health outcomes.
4
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♦ The health end points that were initially identified as most
important (i.e., carcinogenic, reproductive and neurologic) 
remained so. Other health end points that were discussed, 
but with less emphasis, dealt with immunologic and endocrine 
changes and cardiovascular effects. Specific subsets of the 
health end points are discussed in more detail in the section 
on Research Recommendations.
♦ The scientific leadership role for protecting workers in the
EMF arena is a NIOSH responsibility which goes beyond 
the conduct of the workshop. NIOSH was charged with 
fulfilling this mandate by initiating the appropriate research 
within its own mission and by continuing to influence and 
interact with all involved parties (i.e., other Federal agencies, 
state and local agencies, industry, labor and academia). Of 
importance was the identified need to interact and coordinate 
activities with the Department of Energy, Environmental 
Protection Agency, Department of Defense, Food and Drug 
Administration, National Institute of Environmental Health 
Sciences and National Cancer Institute. These interactions 
should include an immediate and continuing translation of 
current knowledge to the occupational and environmental 
health community via NIOSH’s dissemination mechanisms.
♦ The need to transfer the results of research to occupational
safety and health professionals, employers and workers 
through training and education programs is paramount 
to an overall prevention strategy.
HIGHEST PRIORITY RESEARCH NEEDS
It was recognized that the identified research needs were not unusual 
for the occupational/environmental health field However, for the 
specific EMF hazards under discussion (i.e., lower frequency fields), 
we are in the infancy of a research agenda when compared to other 
occupational/environmental hazards. Also, it was acknowledged
5
that the research needs in the five areas that were compartmentalized 
for thepurposes of the workshop are dependent and overlapping. But, 
there was a very clear consensus of what the highest priorities are for 
the research agenda. The highest priority research issue is to 
determine whether occupational exposure to electric and/or magnetic 
fields produces untoward health effects, and, if so, to determine not 
only the type(s) and level of exposure that will produce them but also 
ways to reduce exposure. In order to do this we need to accomplish 
the following:
♦ Determine the number of workers exposed; the industries 
and occupations where the exposures take place; and the 
extent and type of exposures (including identification 
and characterization of EMF sources, magnitude of the 
fields as a function of frequency, phase and duration).
♦ Establish standardized assessment protocols, including 
measurement techniques and performance criteria for 
instruments and dosimeters, plus standardized 
approaches for experimental and epidemiologic studies.
♦ Conduct experimental and epidemiologic studies 
directed at hypotheses-testing for specific health end 
points of interest, testing models, mechanism questions, 
and occupational groups to be studied. Standardized 
protocols and procedures, including specific quality 
assurance approaches, also must be developed for the 
experimental and epidemiologic studies.
♦ Conduct more long-term, definitive control technology 
research for reducing the identified exposures to 
acceptable levels.
This summary does not mean that the various components of 
experimental and epidemiologic research on “health effects” have to 
be conducted in sequence. However, it should be noted that without 




better knowledge about workplace exposure levels and types of 
exposure, there will be limitations in the ability to interpret the health 
effects data. Also, the scenario presented here should not preclude 
implementing exposure reduction strategies that are now available 
and feasible.
SUMMARY OF RESEARCH NEEDS
The major research needs in each of the five program areas that were 
discussed at the workshop are highlighted below.
In  W fro/Cellular M echanism  S tu d ies
♦ Correlation of Exposure Parameters for In Vitro Studies with
Potentially Harmful Exposures found in the Workplace
A detailed occupational exposure assessment must be 
conducted by qualified individuals in order to provide EMF 
parameters for In Vitro/Cellular Mechanism Studies.
♦ Development of Methods for Occupational Dosimetry which
Reflect Exposures at the Cellular Level
Appropriate methods for theoretical and experimental 
dosimetry should be developed and applied to permit accurate 
extrapolation of EMF exposure levels found in the workplace 
to exposure levels used in cellular studies. -
♦ Theoretical Studies and Models
Theoretical studies and models are necessary because of the 
multitudeofpossibleexperimentalexposures and parameters 
and other conditions which need to be defined prior to 
conducting definitive In ViTro/Cellular mechanism studies.
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♦ Development of Reference Criteria for Experimental Design
and EMF Field Characterization
To reduce ambiguity and uncertainty in progressing toward 
a unified understanding of the biological actions of EMF, 
standardized criteria for conducting and reporting the results 
of in vitro studies must be encouraged
♦ Research Priorities for Health End Points
The highest priority should be assigned to in vitro studies 
which help to define the nature of carcinogenic effects. Other 
targets for EMF occupationally induced adverse effects that 
should be investigated using in vitro methods include: the 
male and female reproductive systems, endocrine and 
neuroendocrine systems, alterations in fetal development, 
and non-cancer related aspects of immune system function. 
Regardless of the disease or system being investigated, the 
focus of in vitro research should be on:
(a) mechanisms of interaction of EMF with 
biological systems
(b) the consequences of those interactions, and
(c) relationship to EMF-related diseases.
in  V ivo  S tu d ies
♦ Conduct Studies with Scientific Rigor
Reproducing the results of current research on in vivo effects 
has been difficult Therefore, the first priority should be to 





♦ Characterize EMF Exposures
There are many variables (e.g., exposure systems, EMF 
parameters, and exposures in relation to biological rhythms) 
that can be manipulated or controlled in in vivo experiments, 
and these must be well characterized and documented.
4 Characterize Critical Effects of EMF
Establishment of critical effects on which to focus in vivo 
research is essential. This requires using scientifically accepted 
methods; stressing quality assuranceprocedures, etc; properly 
formulating and testing hypotheses; replicatingkey findings; 
exploring relationships between exposure and dose; and 
elucidating the mechanisms by which biological effects 
occur.
♦ Neuroendocrine Dysfunction Produced by EMF
Specific recommendations include characterizing neural, 
endocrine, and neuroendocrine responses; and studying 
behavioral effects, central nervous changes, sleep disturbances, 
and mood changes.
♦ Definitive Studies of the Role of EMF in Carcinogenesis
Specific recommendations include conducting in vivo tests 
of tumorinitiation, promotion and progression with emphasis 
on leukemia, brain, and hormone-dependent tumors.
♦ Reproductive and Developmental Effects of EMF
Specific recommendations include studying shifts in patterns 
of development, maturation and degeneration of animal 




♦ Cardiovascular Effects of EMF
Specific recommendations includeconductingconfirmatory 
studies in both humans and other animal species with emphasis 
on such phenomena as calcium ions and neurotransmitters.
E pidem iologic S tu d ies
♦ Characterization of Exposure
Researchers shouldconsiderconductingexposure assessments 
or surveys of selected occupational groups/jobs in order to 
characterize their potential for exposure to EMF prior to the 
selection of these worker populations for epidemiologic 
studies. New epidemiologic studies should include a 
characterization of exposure.
♦ Health Effects/Responses of Interest
The priorities were defined as cancer, reproductive effects, 
health effects resulting from hormonal changes (e.g. sleep 
disorders, behavioral changes, motor neuron diseases, 
immunologic changes), and non-disease end points and 
biomarkers (e.g. melatonin).
♦ Methodological Issues
Common protocols should be developed for both exposure 
assessments/characterization as well as the epidemiologic 
analyses; multi-center studies should be considered; the use 
of existing databases should be explored; hypotheses need to 
be well formulated based on previous epidemiologic studies 
or on laboratory findings; potential confounders need to be
10
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identified and analytical techniques need to be improved to 
evaluate these confounders; andhypothesisgenerating studies, 
such as PMR studies based on union or company death 
benefit records should continue to be pursued
♦ Potential Worker Populations to Study
Populations to be considered included “high” exposure groups, 
with significant variation in EMF exposure and no other 
confounding exposures; women workers (for reproductive 
and breast cancer studies); groups exposed to extremely low 
frequencies other than the ‘"power7’ frequencies of 50 and 60 
Hz; health care workers; welders; aluminum reduction 
potroom workers; electric railroad workers; and electric 
machinery/motor workers.
E xposure A sse ssm e n t S tu d ies
♦ Measurement Guidelines
Standardized measurement protocols are required and training 
programs are needed for health and safety professionals in 
assessing exposure to EMF.
♦ Exposure Metrics
Accurate and uniform exposure metrics need to be developed 
for epidemiologic studies.
♦ Measurement Instrumentation
Independent assessments are needed to evaluate instrument 
performance, and standardized quality assurance programs 
should be established Personal dosimeters are needed that 
will measure transient magnetic fields and their time rate of 





Dosimetric modeling techniques are needed that will 
estimate the distribution of induced currents throughout the 
body and provide a basis for specifying a dose measure.
♦ Non-Utility Sources of Exposure
Recommendations in this area are essentially identical to 
those developed by the Panel on Epidemiologic Studies.
♦ Worker Communication
Ways of effectively communicating the concepts of EMF 
exposure assessment to workers must be developed and 
validated.
M ethods for R ed u cin g E x p o su res
♦ Identify EMF Sources
The identification and characterization of EMF sources are 
important to any control strategy. Attention should be paid 
to the magnitude of EMF as a function of frequency and 
phase.
♦ Review and Recommend Electrical Code Changes
Impoitantitems to considerforpotential code changes include 




♦ Continue Research on Field Cancellation Techniques
Important items to consider in improving cancellation 
techniques include computer modeling of EMF, and 
examining the wiring and circuit design of industrial 
equipment, power tools and office appliances.
♦ Materials Research
Research is needed to develop better materials for shielding 
from magnetic fields.
♦ Work Practices
Work task redesign and workstation design methods should 
be developed.
♦ Substitution
Substitutes should be designed to eliminate appliances that 
generate high EMF.
♦ Transient Suppression
A study of generic approaches to reducing transient fields 
should be conducted
♦ Personal Protective Equipment
Material research is needed to develop lightweight, practical 




♦ Training and Education
Education of professionals and workers in the concerns 
associated with exposure to EMF will help as a control 
mechanism for reducing future EMF exposures.
Philip J. Bierbaum, M.E.
Workshop Chair 
Director
Division of Physical Sciences 
and Engineering 
National Institute for Occupational 
Safety and Health
John M. Peters, M.D., Sc.D. 
Workshop Co-Chair 
Professor and Director 
Division of Occupational and 
Environmental Medicine 
University of Southern California
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IN  V IT R O  S T U D IE S : LO W  F R E Q U E N C Y  
E L E C T R O M A G N E T IC  FIE L D S
INTRODUCTION
In vitro studies of effects of low-frequency (LF) electromagnetic 
(EM) fields have revealed a variety of sensitive cell-physiologic end­
points. Effects have been reported on: (1) DNA, RNA and protein 
synthesis; (2) cell proliferation; (3) cation fluxes and binding; (4) 
immune responses; and (5) membrane signal transduction (i.e. hor­
mones, enzymes, and neurotransmitters). Typically such effects 
occurred as a result of short-term exposure of cells to EM at 
frequencies of 100 Hz or less and at low field intensities. The 
dependency on frequency or modulation, as well as the apparent weak 
cellular interaction of these LF EM fields, lacks theoretic explanation. 
It has not been determined whether effects are induced by electric or 
magnetic fields.
Confounding the interpretation of the results of such studies are 
associated phenomena such as: (1) transient or time-delayed re­
sponses; (2) modulation- and intensity-specific effects, referred to as 
modulation or intensity “windows”; and (3) general lack of dose-(or 
dose-rate) response data or EM field thresholds. Consequently, 
although it is well-established that LF EM fields affect biological 
systems in vitro use of these data to assess human health effects is 
limited.
P u rp ose
The purpose of this plenary paper is to review selected representative 
published reports of LF EM fields on in vitro systems. This is not 
intended to be an exhaustive review. In vitro studies that did not detect 
EM field effects were not reviewed in detail since they provide no 
guidanceforthedirectionoffutureresearch. This does not imply that
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ment of effects of EM fields on in vitro systems. However, the 
limited number of published reports of EM field effects, be they 
positive or negative, precludes the generation of a consensus 
view at this time.
To the extent possible, relevance of the findings to occupational 
exposures will be assessed. Principally, this will be attempted by 
considering the consistency of in vitro and in vivo EM exposure 
effects and comparison of EM field intensities that affect in vitro 
systems with occupational EM exposure intensities. Finally, 
suggestions will be made for the direction of future in vitro 
research of direct pertinence to potential occupational exposure 
problems.
D efin ition s
In the context of this article in vitro studies are defined as 
experimental or theoretical studies of the effects of low fre­
quency (i.e. frequencies less than 1000 Hz) electromagnetic 
(EM) fields on individual cells or explanted tissue, exposed and 
assayed outside of human or animal bodies. In vitro studies may 
involve: (a) normal mammalian cells or tissue, such as lympho­
cytes or other blood cells, obtained from donors prior to expo­
sure, or (b) transformed mammalian cells that are maintained 
indefinitely in culture. Type (a) cells, derived from a specific 
donor in limited quantities, have a finite lifespan of up to a week 
or so. Type (b) cells, on the other hand, may be propagated 
indefinitely in large numbers and exposed to EM radiation, or 
other agents, for extended periods of time in various laboratories. 
Cells of either type can be maintained under controlled condi­
tions in defined composition culture media supplemented with 
various growth factors and antibiotics.
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A d v a n ta g es and  L im itations
The primary advantages of in vitro studies include: 1) the potential 
for the precise control of experimental variables such as electric or 
magnetic field strength, temperature, culture medium composition, 
etc., 2) accurate and detailed dosimetric and densitometric informa­
tion, 3) exposure replication (essentially unlimited replication for 
type (b) cells), 4) relatively simple cell geometry, amenable to 
theoretical modeling of electric and/or magnetic field interactions 
with cells or cell constituents, such as the plasma membrane, 5) 
significant reduction in cost relative to in vivo studies. Taken as a 
whole, in vitro studies afford the opportunity to determine basic 
mechanisms of interaction of EM fields with living systems. This 
distinction, relative to in vivo systems, is attributed to the complex 
nature of EM field interactions and induced field distributions within 
the body of experimental animals or humans which impede the 
establishment of precisedose-effectrelationships. The advantages of 
in vitro systems may be exploited in investigations of co-factor 
interactions of EM fields with other physical or chemical agents. 
Such studies should prove of value in screening for potentially 
adverse interactions of EM fields with other agents in the workplace.
In vitro systems thus provide a versatile means of investigating 
direct EM cellular interactions or co-factor interactions. How­
ever, there are limitations on their use in developing guidelines 
or standards for occupational exposure to EM fields due to the 
complex interactive nature of integrated physiological systems 
comprising an organism which preclude direct extrapolation of 
in vitro data to in vivo responses. In vitro data, including EM 
cellular effects thresholds and dose-response relationships can, 
however, provide the basis for the design of in vivo studies by 
defining critical physiological end-points, and EM field param­
eters. Understanding basic cellular-level interaction mecha­
nisms will provide a general basis for extrapolation of in vitro to 
in vivo exposure effects, as well as inter-species exposure effects 
of EM effects on mammalian systems.
2 1
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IN  VITRO  EFFECTS OF LF EM FIELDS 
B iom olecu lar S y n th e s is
Low intensity LF electric and magnetic fields affect rates of synthesis 
of DNA, RNA and proteins in vitro. liboff et al. (1984), for example, 
reported increased DNA synthesis in human fibroblasts exposed to 
low intensity sinusoidal magnetic fields (15 to 4000 Hz). Weak ELF 
electric or magnetic fields affected collagen and/or glycosaminogly- 
can synthesis in fibroblasts (Fitton-Jackson andBassett, 1980;Kamrin, 
1974; Famdale and Murray, 1985; Cleary et al., 1988). ELF electric 
fields increased DNA (Rodan et al., 1978) and glycosaminoglycan 
(Lee et aL, 1982) synthesis in chondrocytes. Binderman et al. (1985) 
reported cell-specific bi-phasic stimulation of cyclic AMP levels and 
DNA synthesis in skeletal-derived cell cultures exposed to 3 Hz 
electric fields.
Goodman et al. (1987), detected increased rate of messenger RNA 
synthesis (transcription) in dipteran salivary gland cells exposed to 
pulse-modulated magnetic fields at frequencies of 15 to 72 Hz. 
Transcriptional activity was also increased following exposure to 72 
Hz sinusoidal magnetic fields for periods of up to 45 min. The 
maximum induced magnetic and electric field strengths were less 
than approximately 4 mT (milliTesla) (40 Gauss) and 10 mV/m 
respectively. Although all of the magnetic fields affected transcrip­
tional activity, there were quantitative and possible qualitative differ­
ences in the effects of the different magnetic field wave forms. 
Analysis of the X-chromosome transcription patterns indicated that 
pulsed magnetic fields augmented activation of pre-existing (nor­
mally active) chromosomal loci and activated inactive genes or gene 
sets. Subsequent studies demonstrated similar effects of LF modu­
lated magnetic fields (including 60 Hz fields) on RNA transcription 
and protein synthesis in other cell types (Goodman et al., 1989) and 
in cell-free systems (Goodman, unpublished observations). The 
mechanism(s) for magnetic field effects on transcription are unclear. 
However, since this effect occurred in cell-free, as well as cell
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systems, possible direct genomic interaction is suggested This is of 
interest since most other in vitro cellular effects of LF electric or 
magnetic fields have been associated with interactions with the cell 
membrane, although here again mechanisms are uncertain.
Whereas ELF electric and/or magnetic fields of various intensities, 
frequencies and modulation affect cell biosynthetic processes, at­
tempts to detect chromosomal alterations such as rearrangements, 
single strand breaks, point mutations, or sister chromatid exchange 
have proven negative (Cohen et al., 1986; Livingston, 1986; Benz, 
1987; Reese et al., 1988).
M em brane C alcium  F lu x es and B inding
The most extensively investigated and replicated in vitro effect of LF 
EM fields is altered calcium ion (Ca2+) binding to chick brain tissue. 
These studies revealed tissue sensitivity to extremely low intensity 
LF electric and magnetic fields characterized by multiple modula­
tion- and intensity-specific responses, referred to as modulation and 
intensity “windows**, respectively. Multiple response windows, 
which have proven difficult to explain theoretically, present poten­
tially perplexing problems with respect to the development of occu­
pational exposure guidelines since they violate traditional dose-effect 
and threshold response concepts. To date there is limited in vitro data 
suggesting windowed responses for other cell end points such as cell 
proliferation (Cleary et al., 1988; Ross, 1990) or fibroblast protein 
synthesis (McLeod et al., 1987). This limitation may well be 
attributed to the small number of studies designed to detect windows.
Bawinetal.,(1975,1976) firstreportedmodulation windows for Ca+2 
efflux from chick brain exposed to 147 MHz radio frequency (RF) 
electromagnetic radiation, amplitude modulated (AM) at specific 
frequencies between 6 and 20 Hz. Blackman and co-workers, (1979, 
1980a) reported intensity (power-density) windows for this phenom­
enon and subsequently found similar responses using modulated 50 
MHz RF radiation (Blackman et al., 1980b). Sheppard et aL (1979)
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also observed a Ca+2 efflux intensity window for modulated RF 
radiation. Dutta et al. (1984; 1989) reported multiple intensity 
windows for Ca+2 efflux from neuroblastoma cells in culture exposed 
to 915- or 147 MHz RF radiation amplitude modulated at 16 Hz.
Sinusoidal ELF fields induced intensity- and modulation-dependent 
windowed effects on Ca*2 efflux from chick brain tissue in vitro 
(Blackman, 1985a). Whereas a 16 Hz sinusoidal field enhanced Ca+2 
efflux at 6 and 40 V/m, 1- or 30 Hz fields were ineffective, as was a 
42 Hz field at30-,40-, 50- or 60 V/m. A 45 Hz field enhanced efflux 
at 40 V/m, of similar magnitude to the 16 Hz field. Held strengths 
between 45- and 50 V/m increased efflux at 45 Hz, whereas at 60 Hz, 
35- and 40 V/m were effective intensities. Holding the field strength 
constant at 42.5 V/m and varying the frequency revealed Ca+2 efflux 
enhancement in a region around 15 Hz and another from 45 to 105 Hz 
(Blackman et al., 1985a).
Blackman et al. (1985b) observed that the local DC magnetic field at 
the site of ELF-exposed samples determined which electric and 
magnetic field frequencies were effective in inducing Ca+2 release 
from chicken-brain tissue in vitro. In this study the DC magnetic field 
was perpendicular to the plane containing oscillating electric and 
magnetic field components. In a subsequent study Blackman et al. 
(1990) observed that Ca+2 efflux occurred when the DC-magnetic 
field was perpendicular to the alternating magnetic field component 
of a 314 Hz, 15 V/m, 61 nT (nanoTesla) EM field, but not when the 
magnetic fields were in parallel alignment They noted that this result 
is consistent with a magnetic resonance-like transduction mechani sm 
for the conversion of EM energy into a physicochemical change, such 
as enhanced ion transport through helical membrane channels. It was 
also noted that the magnetic field alignment dependence was in direct 
contrast to the results of Smith et al. (1987), who demonstrated a 
resonance-like effect of an alternating ELF magnetic field on the 
mobility of diatoms.
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Diatom mobility depends upon transmembrane transport of Ca+2. 
Smith etaL (1987) exposed diatoms to combined DC and alternating 
magnetic fields they predicted would enhance Ca*z transport on the 
basis of an ion cyclotron resonance theory advanced by Liboff (1985) 
and McLeod and LibofF(l986) (discussed below). In agreement with 
theory, a mobility maximum occurred at 16 Hz when the diatoms 
were exposed to a DC magnetic field of 20.9 pT and an AC field of 
20.9 jiT, when the static and AC magnetic fields were in parallel 
alignment Perpendicular magnetic field alignment had no effect on 
diatom mobility. As noted by Blackman et al. (1990), the diatom 
experiments of Smith et al. (1987) and chick brain experiments were 
conducted under different conditions. Smith et aL (1987) exposed 
diatoms to a 1000-fold greater magnetic flux density than Blackman 
et al. (1985) and with different magnetic field alignment
The results of Blackman etal. (1985a,b; 1990) and Smith etaL (1987), 
as well as observations of Thomas et al. (1986) on the effects of LF 
AC magnetic fields on rat behavior, provide evidence of intensity- 
and frequency-dependent responses having common features such 
as: (a) multiple windows at frequencies less than 1000 Hz; (b) 
intensity windows in arange of intensities well below levels at which 
cellular alterations can be accounted for by conventional, well 
understood physicochemical interaction mechanisms and (c) depen­
dence on orientation of geomagnetic and applied EM field compo­
nents.
In view of these complexities, and the limited number of studies that 
have been conducted, it is not surprising that the physiological 
significance of EM-induced alterations in membrane cation binding 
or transport has not been ascertained. The central role of Ca+2 fluxes 
in neural processes is well known. Effects of low-intensity LF EM 
fields on Ca+2 binding to brain tissue in vitro, reported by Bawin et al. 
(1975; 1976) and Blackman etal. (1979; 1980a,b; 1985a,b), suggest 
that such fields may affect the mammalian central nervous system 
(CNS) in vivo. The results of Thomas et al. (1986), and behavioral 
changes in monkeys induced by exposure to LF EM fields reported 
by Gavalas-Medici and Day-Magdaleno (1976) do, in fact, implicate
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this phenomenon in EM-induced effects on the mammalian CNS. 
Further evidence derives from the observation that low-amplitude LF 
AM electromagnetic radiation induced Ca+2 release from the brain of 
alivecat(Adey etaL 1982). Thepotentialphysiologicalsignificance 
of LF EM field exposure has been reviewed in detail by Adey (1981).
C ell Proliferation
The most extensive body of information concerning cellular effects 
of LF EM radiation derives from studies of cell proliferation in vitro. 
Interest in effects on cell proliferation has been stimulated by clinical 
applications of such fields for the treatment of connective tissue 
disorders, such as bone nonunions (Bassett et aL, 1981,1982), fresh 
fractures (Wahlstrom, 1984) and tendinitis (Binder et al. 1985), as 
well as reported association of LF EM field exposure and cancer. 
Attempts to more fully characterize and quantitate in vivo responses, 
and to establish mechanisms, have led to a series of in vitro studies, 
many of which employed pulsed magnetic fields of the type reported 
to be clinically effective. The results of such in vitro studies of effects 
on nerve, muscle, fibroblasts, neural crest cells, and epithelial cells, 
reviewed by Robinson (1985), document effects of LF electric and/ 
or magnetic fields on proliferation, intercellular communication and 
development
In addition to effects of LF pulsed magnetic fields, the results of 
Liboff et al. (1984) indicated that sinusoidally varying magnetic 
fields at frequencies in the range 15 Hz to 20 kHz induced prolifera­
tive changes in human embryonic foreskin fibroblasts in vitro. 
Exposure to a 76 ± 4 Hz magnetic field, at an intensity of 1.6 x 10* 
T^ {Tesla root-mean-square), induced statistically significant time 
dependent increases in DNA synthesis during exposures of up to % 
hours. In this series of experiments the maximum increase in 
proliferation, which occurred after 96 hours of exposure, was ap­
proximately 60%. Compared to sham-exposed cells, DNA synthesis 
in fibroblasts exposed to ten different LF EM frequency and ampli­
tude combinations exhibited a time dependent maximum after 20 
hours of exposure. Liboff et al. (1984) noted that this exposure
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duration corresponded to the midpoint of the S-phase of the fibroblast 
cell cycle, suggesting that EM exposure effects may be related to 
specific cell cycle alterations. Cell proliferation data for various 
combinations of magnetic field intensity and frequency provided a 
means of testing the hypothesis that cell proliferation was directly 
stimulated by eddy currents induced by sinusoidal magnetic fields. 
According to Faraday’s law the magnitude of die eddy currents, or 
induced electric fields, is proportional to the product of the magnetic 
field frequency and intensity. The data did not support this hypoth­
esis, leading Liboff et al. (1984) to conclude that either the magnetic 
field effect on fibroblast proliferation was not due to induced eddy 
currents or that the effect was a saturable phenomenon, such as a self- 
limiting shift in the onset of S-phase. The threshold for sinusoidal 
magnetic field effects on fibroblast proliferation was in the range 5 to 
25 ¿xT/s (microTeslas per second). Liboff et al. (1984) noted that this 
value was similar in magnitude to the value of approximately IOjiT/ 
s reported to interfere with development of chick embryos (Delgardo 
et al., 1982).
Liboff et al. (1984) also noted that threshold magnetic field magni­
tudes in their study were on the order of ambient 60 Hz fields in the 
vicinity of devices such as fluorescent lights, fans, or electric motors. 
Consequently, ambient fields must be measured and controlled to 
ensure against artifacts in in vitro studies.
Ross (1990) investigated the effect of 48 hour exposure of rabbit 
ligament fibroblasts in vitro to 16,75, or 100 Hz sinusoidal magnetic 
fields. Variation of AC magnetic field amplitude, frequency, and 
vertical DC magnetic field strength resulted in either stimulation or 
inhibition of proliferation. Proliferation was inhibited at all three 
frequencies when the amplitude of the AC and DC magnetic fields 
corresponded to cyclotron resonance conditions. The bi-phasic 
nature of the effect of sinusoidal magnetic fields on proliferation was 
demonstrated by varying the amplitude of a 100 Hz signal from 0.1 
to 1 mT (milliTesla), holding the DC magnetic field constant at 0.13 
mT. Proliferation was inhibited at amplitudes of 0.5 mT or less but 
enhanced when the magnetic field intensity was increased to 0.7 mT
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or greater, up to a maximum at 1 mT, the largest amplitude reported 
By varying the amplitude of the DC field from 0.1 to 0.3 mT and the 
AC field from0.5 to 1 mT, while holding the frequency of the AC field 
at 100 Hz, Ross (1990) detected a significant interaction between DC 
and AC magnetic fields and fibroblast proliferation. These data 
support the hypothesis of a cyclotron resonance-like phenomenon 
being associated with inhibition or stimulation of fibroblast prolifera­
tion.
Ross (1990) commented on the bi-phasic (stimulation/suppression) 
proliferative effect of varying the AC magnetic field intensity. He 
noted that cell proliferation is triggered synergistically by several 
biomolecular pathways (O’Keefe and Pledger, 1983; Roger et al., 
1987; Van derBurg et al., 1988) which may be differentially affected 
by magnetic fields at different intensities. It was also noted that the 
AC magnetic field intensities used in this study were on the order of 
those encountered occupationally (Miller, 1974).
Evidence that in addition to effects of magnetic fields, electric fields 
per ss affect cell proliferation was reported by Noda et al. (1987). 
DNA synthesis was increased 20% in rat osteosarcoma cells exposed 
for 34 hours to 60 Hz electric fieldsatcurrentdensitiesof 0.3 to3Amu
perm2. Higher or low current densities were ineffective, indicating 
a current density “window”. The results of this study are of interest 
since the electric field effect depended upon a number of variables 
including: (a) concentration of fetal calf serum (FCS); (b) cell seeding 
density; (c) “stage’* or age of the cell population at the time of seeding. 
In general these data indicate that the 60 Hz electric field effect on 
proliferation depended upon the mitotic status of the cell population 
during exposure. This finding is potentially significant since it 
suggests specific interaction of LF EM fields with the mammalian 
cell cycle. The dependence of the proliferative effect of EM fields on 
factors such as (a) -  (c), if not taken into account in the design of in 
vitro studies, could result in highly variable or contradictory results.
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Further evidence that electric fields per sey of a different wave form 
than used by liboff et al (1984), Noda et al. (1987) or Ross (1990), 
affected cell proliferation was provided by Geary et aL (1988) who 
exposed normal chicken tendon explants in vitro to low amplitude, 
unipolar, square wave pulsed electric fields. An electrical field 
parameter set consisting of 1 Hz, 1 millisecond duration pulses, 
having a time averaged current density of 7 mA/m2 (maximum 
current density7 AAri2) induced a highly statistically significant 32% 
increase in fibroblast proliferation in tendon explants exposed for 96 
hours. Exposure to die same pulsed field at a time averaged current 
density of 1.8 mA/m2 did not affect fibroblast proliferation. Exposure 
to current densities of greater than 10 mA/m2, on the other hand 
suppressed both proliferation and collagen synthesis, without affect­
ing non-collagen protein synthesis.
The effect of the 1 Hz pulsed electric field on fibroblast proliferation 
was also dependent upon orientation of die explant with respect to the 
electric field. Fibroplasia was enhanced when the explant longitudi­
nal axis was oriented parallel to applied E-fields having current 
densities of 3.5 or 7 mA/m2. For perpendicular orientation there was 
no effect on proliferation. Fibroblast proliferation and collagen 
synthesis were inversely proportional to donor age for the 3 to 16 
week okl chickens used in this study. However, there was no 
interaction between donor age and the effect of ELF pulsed field 
exposure on these dependent variables. Subsequent studies revealed 
that the effect of pulsed electric fields on proliferation of explants 
from chickens aged 8-16 weeks depended upon extra-cellular Ca+2 
andFCS concentration. This was not true for explants from chickens 
less than 3 weeks of age (Geary, unpublished results).
It may be concluded that low intensity LF EM fields modulate 
proliferation of normal as well as transformed mammalian connec­
tive tissue cells in vitro. Intensity (current density) windows resulted 
from exposure to magnetic as well as unipolar or bipolar (AC) electric 
fields. The magnitude of the proliferative response was dependent 
upon EM field intensity, exposure duration, and cellular and extra­
cellular factors.
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C ell S u rface E ffects
Phillips et al. (1986a) investigated the effect of 60 Hz EM fields on 
the expression of the transferrin receptor on human colon carcinoma 
cells in vitro. Cells were exposed for 24 hours to either a 300 mA 
m2 electric field; a 104 Tm magnetic field; or combined E and H- 
fields at these intensities. The rationale for this study was the 
association of the transferrin receptor with the receptor of natural 
killer cells (cytotoxic lymphocytes), and the fact that expression of 
this receptor is correlated with proliferation of normal and malignant 
cells. Phillips et al. (1986b) reported that exposure of colon cancer 
cells in vitro to 60 Hz EM fields significantly increased colony 
formation in soft agar and increased the expression of tumor associ­
ated antigens.
Phillips etaL (1986a) reported a 24-fold increase in colony formation 
in colon cancer cells exposed to both E and H-fields; a 14-fold 
increase in magnetic field exposed cells; and an increase of 1.7 times 
in cells exposed to the 60 Hz E-field. The increased clonogenic 
capacity persisted for the 8 month study duration. The expression of 
transferrin receptors in cells exposed to the combined fields, or to the 
magnetic field alone, was maintained at maximal levels and was not 
under the normal cell density regulatory influence. The change in 
transferrin receptor expression was maintained in cells up to 8 months 
after EM exposure. Based on these data, Phillips et al. (1986a) 
suggested that EM exposure may affect normal cell proliferation 
control processes.
Lubenetal. (1982) exposed osteoblast-like mouse bone cells to either 
a continuous pulse train magnetic field having apulse burst repetition 
rate of 72 Hz or recurrent bursts modulated at 15 Hz. These fields 
induced extra-cellular electric field strengths of 0.1 V/m or less and 
current densities on the order of 10 mA/m2 or less. Exposure to either 
EM signal for up to 90 hours significantly reduced the normal ability 
of bone cells to produce cyclic adenosine monophosphate (cAMP) in 
response to parathyroid hormone (PTH). There was no EM field
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effect on adenylate cyclase activity. EM field exposure blocked the 
inhibitory effects of PTH on collagen synthesis. However, inhibition 
of collagen synthesis by 1,25-dihydroxyvitamin D3 was not affected 
PTH acts at the site of the plasma membrane, in contrast to 1,25- 
dihydroxyvitamin D3, which acts primarily in the cell nucleus. Luben 
et aL (1982) concluded that their data supported the hypothesis that 
EM field effects are mediated primarily in the plasma membrane of 
osteoblasts, either by interfering with hormone receptor interactions 
or by blocking receptor cyclase coupling in the membrane. Support 
for hypothesized cell surface alterations induced by EM fields was 
provided by Marron et al. (1988) who used a chromatographic 
technique to demonstrate that both 60 Hz electric and magnetic fields 
altered the physical characteristics (surface charge, hydrophobicity) 
of the surface of the amoebae Physarum. The E and H-fiekls acted 
independently and in different ways. A 60 Hz, 1 V/m electric field 
exposure for 24 hours increased net negative surface charge, whereas 
magnetic field exposureat 0.1 mT decreased surface hydrophobicity.
C ancer P rom otion
Membrane mediated alterations, induced by 60 Hz electric fields, 
have been implicated in cancer promotion. Byus and co-workers
(1987) reported altered activity of ornithine decarboxylase (ODC), an 
enzyme intimately involved in induction of proliferation of normal 
and tumor cells. A 1 hour exposure to a 60 Hz 1 V/m electric field 
induced a500percent increase in ODC activity inhuman lymphoma 
cells and a 200 to 300 percent increase in mouse myeloma cells in 
vitro. The magnitude and duration of ODC activation depended upon 
cell type, E-field strength, and exposure duration. For example, a 1 
hour exposure of hepatoma cells to a 60 Hz field strength of 10 mV/ 
m induced a 30 percent increase in ODC Exposure for 2 hours at 1 
V/m had no effect, whereas a 3 hour exposure decreased enzyme 
activity. Based on a comparison of the effect of EM fields and the 
tumor promoting phorbol ester TP A on cellular ODC activity, Byus 
et al. (1987) indicated that 60 Hz EM fields may function as a tumor 
promoting stimulus. They noted, however, that there were significant 
differences in the magnitude of the effects of TP A and the EM fields
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used in their study, on cellular ODC activity and that tumorpromotion 
by TPA is highly dependent on the dosage time schedule. Thus direct 
comparisons of the tumor promoting potential of EM fields and TPA 
were not possible.
In addition to the possibility that LF EM fields may act as a tumor 
promoter, as suggested by Byuset al. (1987), there ism vitro evidence 
of an alternative, but not mutually exclusive mechanism to relate EM 
exposure to cancer, namely effects on immune surveillance. Lyle and 
co-workers (1988) detected a statistically significant 25 percent 
inhibition of allogeneic cytotoxicity of B-lymphoma target cells by 
murine cytotoxic T-lymphocytes that were exposed for 48 hours to a 
1 VAn  ̂60 Hz sinusoidal electric field The magnitude of cytotoxic 
inhibition was dependent upon E-field strength. Exposure of T- 
lymphocytes to 0.1-0.01 V/m resulted in 19 and 7 percent reductions 
in cytotoxicity, respectively. When the4 hour cytotoxicity assay was 
conducted in the presence of a 1 V/m 60 Hz E-field, using previously 
unexposed T-lymphocytes there was a statistically nonsignificant 5 
percent reduction in cytotoxicity. These results suggest that the EM 
field effect depended upon exposure duration and field strength. Lyle 
et al. (1988) indicated that the threshold for inhibition of cytotoxicity 
in clonal T-lymphocytes by exposure in vitro to a 60 Hz sinusoidal 
electric field is between 0.01 and 0.1 V/m.
T h eoretica l S tu d ie s
A theory that adequately accounts for the reported in vitro and in vivo 
effects of LF EM fields must address three major issues:
(1) How effects are induced by EM fields at intensities well 
below those known to induce recognized physical or physi­
cochemical alterations in living systems;
(2) Why effects occur only in specific intensity ranges (Le. 
intensity cm* power density windows);
(3) Why effects occur only at specific frequencies or modula­
tions (Le. frequency or modulation windows).
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Whereas theories that partially explain LF EM field effects have been 
advanced, none provide an adequate quantitative basis encompassing 
these three issues. Failure to develop an adequate theoretical basis for 
low intensity LF EM field effects may be, in a general sense, 
attributed to die uniqueness of non-equilibrium living systems which 
render them not directly amenable to descriptions based on classical 
physical or biochemical principles. The need to consider living 
systems from different perspectives was discussed by Fröhlich 
(1984) Kaiser (1985), and others.
The general concept of cooperative and/or coherent interactions 
between elements in living systems, such as membrane constituents, 
has been invoked to explain effects involving weak coupling of EM 
fields. Theoretical models incorporating such concepts were de­
scribed, for example, by Adey (1988a,b). Blackman et al. (1989) 
discussed specific implications of such theories with respect to the 
Ca+2 efflux from brain tissue in vitro.
Bawin et al. (1976), Blackman et al. (1989), and Smith et al. (1987) 
observed frequency windows in the efflux or transport of Ca+2 at or 
near 16 Hz. The observation that the position of the Ca*2 frequency 
window was dependent upon the magnitude and direction of the static 
geomagnetic field led Liboff (1985), andMcLeod and Liboff (1986), 
to advance a theory that LF AC and DC magnetic fields coupled 
energy to cations, such as Ca+2 or Li+, via a cyclotron resonance 
phenomenon. Whereas this theory predicted the observed occur­
rence of fundamental and harmonic frequency windows, unanswered 
questions remain about the cyclotron resonance phenomenon as 
applied to enhanced cation transport in biomembrane channels. Halle
(1988), for example, questioned physical aspects of the model on the 
basis of classical mechanics, and indicated that fluid friction would 
preclude significant magnetic field effects on ion transport The 
cyclotron resonance model also was criticized on the basis of 
predicting an inconsistently large ion radius of gyration and longer 
ionic collision damping times than predicted from physical principles 
(Sandweiss; 1990).
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Weaver and Astumian (1990) developed physicochemical models to 
explain the coupling of weak periodic electric fields to cells. They 
modelled effects of applied electric fields on transmembrane poten­
tial under various assumptions, comparing die magnitude of induced 
alterations to thermally induced fluctuations. For large elongated 
cells with membranes having informational processing sensitivities 
limited to specific extrinsic low frequency EM field band widths of 
10 or 100 Hz, minimal detectable electric fields (Le. transmembrane 
induced signals at least as great as thermal fluctuations) of 8 x 104 and 
3 x 10-3 V/m, respectively were predicted. Phenomena such as cell 
membrane signal averaging and electroconformational coupling of 
applied electric fields to membrane macromolecules, such as en­
zymes, were also considered with respect to cellular effects ofLFEM 
fields (see also Astumian et al., 1990). Weaver and Astumian (1990) 
concluded that their estimates are consistent with experimental 
observations that low intensity EM fields affect living systems via 
non-thermal interaction mechanisms.
In summary, theoretical models have not adequately described LF 
EM field effects on ion binding or membrane transport, or other low 
intensity field effects. It may be anticipated that ever increasing 
knowledge of the unique nature of biological systems that has 
rendered them refractory to straight forward description by the 
application of physicochemical principles may advance theoretic 
understanding of phenomena such as LF EM effects on living 
systems. Obviously, a more extensive in vitro data base, including 
dose responses and thresholds, will facilitate the development of 
theoretical models of the interactions and effects of LF EM fields.
SUMMARY AND CONCLUSIONS
In vitro studies provide direct evidence that LF EM fields induce 
physiologically significant alterations in normal and transformed 
human and other mammalian cells. The weight of experimental and 
theoretical evidence indicates that the outer surface of the cell 
membrane is the primary locus for EM field induced cellular alter­
ations.
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In a general sense, the type and magnitude of EM field effects on cells 
in vitro are not inconsistent with purported effects on humans or 
experimental animals, principally effects on cancer incidence, behav­
ior, and development However, the limited extent and nature of in 
vitro data preclude drawing conclusions about the specific relevance 
to in vivo exposure effects. Although there are uncertainties in EM 
exposure levels in in vitro as well as in vivo systems, it may be 
concluded that EM fieldinduced alterations in in vitro systems occur 
at approximately die same levels encountered in occupational set­
tings.
In vitro data indicates that effects such as altered biosynthesis or 
proliferation occur from exposure to extrinsic LF EM fields that 
induce cellular level fields of the same approximate magnitude and 
frequency as endogenously generated fields (Cleary et aL, 1988; 
Robinson, 1985). This suggest that instead of inducing unique 
physiological alterations, EM fields may perturb normal cell func­
tions by mimicking endogenous fields. Mechanisms for EM field 
effects may thus be sought by contrasting endogenous and exogenous 
field characteristics, such as band width, wave form, etc.
Major impediments to utilization of extant in vitro data relate to: (a) 
the dearth of dose response relationships and/or effects thresholds; (b) 
dosimetric and densitometric uncertainties, especially in the case of 
magnetic field exposure, that result in imprecise knowledge of 
cellular level induced EM field magnitudes; and (c) the lack of an 
adequate theory to account for LF EM field effects characterized by: 
(1) extremely low interaction energies, (2) intensity and modulation 
windows, and (3) apparently complex temporal dependency.
In view of the unique and essential contributions of in vitro studies to 
defining and understanding occupational health effects of LF EM 
field exposure, future efforts must be directed toward removing these 
impediments.
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INTRODUCTION
Until the last few decades, the natural background levels of atmo­
spheric electric and magnetic fields were extremely low; however, 
they have since dramatically increased The industrialization and the 
electrification of society have resulted in the exposure of people, 
animals and plants to a complex milieu of elevated electromagnetic 
(EM) fields that span all frequency ranges. One of the most 
significant contributions to this changing electrical environment has 
been the technological advances associated with the growth of 
electrical power generation and transmission systems. In addition, 
EM field-generating devices have proliferated in industrial plants, 
office buildings, public transportation systems, homes and else­
where.
EM fields, which may extend far beyond their sources, are mostly 
imperceptible to people. In the past, there was considerable contro­
versy as to whether fields in the extremely-low-frequency (ELF) 
portion of the electromagnetic spectrum could even cause significant 
biological effects, let alone pose a hazard to health. However, 
research and clinical experience have shown that biological effects 
from such fields are not precluded simply because they are not 
perceived Recent data confirm some of die earlier reports that ELF 
fields do cause changes in certain biological systems. Thus, it is both 
reasonable and timely to evaluate the interactions between the 
modem EM environment and living organisms and to investigate 
whether such interactions are beneficial or detrimental, transient or 
permanent
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In the past two decades, research programs throughout the world have 
greatly expanded in scope and depth to address such issues. Signifi­
cant progress has been achieved, both in defining the ways living 
organisms interact with ELF fields and in describing biological 
effects, both real and potential, from such fields. Much of this effort 
has been directed toward electric fields of power frequencies. How­
ever, frequencies other than 50 and 60 Hz have also been examined, 
and research has been expanded to include magnetic as well as 
electric fields. Although it is now clear that ELF EM fields do cause 
biological effects, the basis for those effects and the underlying 
mechanisms of interaction remain largely unknown, and the health 
implications for humans and animals have yet to be fully determined
As in other areas of scientific investigation, the research being 
conducted on ELF bio-effects has been performed at several levels: 
human studies (primarily epidemiological), animal experiments, and 
cellular (mechanistic) studies.
Some of the earliest efforts to examine health-related issues of ELF 
fields were focused on the impacts of such fields in humans. Despite 
the obvious desirability of obtaining such data, they are the most 
complex and least complete. Additionally, often experimental 
questions cannot be investigated in humans. Therefore, many areas 
of biological investigation are more appropriately and efficiently 
conducted with animal models.
This paper specifically examines the biological effects of exposure to 
ELF EM fields observed in in vivo (animal) studies. An attempt is 
made to evaluate experimental results and, insofar as possible, 
interpret them with respect to potential health implications. An 
overview of current concepts and possible mechanisms is given, and 
possible future directions of research are discussed
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PHYSICAL CONSIDERATIONS FOR COMPARING EX­
TREMELY LOW-FREQUENCY EXPOSURE BETWEEN 
SPECIES
P h ysical Param eters o f E xposure
ELF fields (less than 300 Hz) are quantified in terms of the electric 
field strength E (volts per meter) and the magnetic field strength H 
(amperes per meter) or the magnetic flux density B (tesla). Natural 
environmental ELF fields are normally very low, but with wide­
spread and increasing use of electrical energy, the potential for 
exposure has increased considerably. Exposure from man-made 
sources generally ranges up to 100 V/m and from 0.1 fiTto 30 |iT; the 
higher exposures occur for short time durations. The highest occu­
pational exposures may be on die order of tens of kilovolts per meter 
and tens of milliteslas. Typically, however, occupational exposures 
are 10 to 100 times lower than these high levels.
ELF fields arc used in a variety of therapeutic and diagnostic 
applications, including healing of nonunion bone fractures, promo­
tion of nerve regeneration, and acceleration of wound healing. These 
applications involve partial-body exposures in the range of 1 to 30 
mT. Exposures to time-varying electric and magnetic fields also 
result from medical use of magnetic resonance devices.
Whole-body exposure to ELF electric fields may involve effects 
related to stimulation of sensory receptors at the body surface (hair 
vibration, or possible direct neural stimulation) and effects within the 
body caused by the flow of current Magnetic fields would appear to 
interact predominantly by the induction of internal current flow.
Internal current flow is described in terms of current density in tissue 
J (amperes per meter squared). Ohm's law permits an equivalent 
expression of currentdensity in terms of internal electric field strength 
E (volts per meter). It is not known whether J or E is the more useful 
and relevant physical quantity for an understanding of the mecha­
nisms of biological effects. Internal current densities produced by
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exposure to external E or B fields at practical levels (up to approxi­
mately 100 kV/m and 1 mT) are far lower than the current densities 
produced by contact with electrical conductors that produce various 
electric shock effects.
Data on neuromuscular stimulation (including respiratory tetanus 
and cardiac fibrillation) indicate that current densities higher than 
about 0.1 A/m can be dangerous. Current densities near 0.01 A/m2, 
particularly with long-term exposures, may cause biological effects 
that are important to health. At lower levels a variety of biological 
effects may occur, however, the health implications of exposure at 
such levels are not clear.
The magnitude of the internal current density is in direct proportion 
to the frequency for sinusoidal external E and B fields. For pulsed or 
other wave forms the rate of change of the field is relevant The 
duration of current flow is also important It is practical to relate 
observed effects to internal current density and the inducing external 
fields. Accurate relationships of external field and internal current 
density are functions of frequency,orientation of the body in the field, 
body size and shape, and tissue composition. Thus, from these 
fundamentals of interactions, possible mechanisms can be proposed 
and defined in terms of external unperturbed E and B field strengths, 
frequencies, and durations.
D osim etry o f Field/Anim al Interaction
Electric-field coupling to living organisms has been investigated, 
both from a theoretical and an experimental perspective. Theoretical 
treatments, which are addressed in other plenary papers, have been 
extensively reviewed (Kaune 1985; Kaune and Phillips 1985; Polk 
and Postow 1986) and will not be discussed here. Experimental 
modeling is briefly reviewed because it provides important scaling/ 
dosimetric information for extrapolating data from animals to hu­
mans. A more detailed treatment of the subject can be found in 
reviews by Kaune and Forsythe (1985) and Tenforde and Kaune 
(1987).
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In animals or models exposed to an electric field, an easily determined 
electrical parameter is the short-circuit currentindueedin the grounded 
subject Although most of the data collected to date were obtained at 
only one frequency and body weight, currents at other frequencies (f) 
and body weights (W) can be determined using an fŴ /3 dependence 
(Kaune, 1981). The total short-circuit currents in humans and various 
animals have been compared during exposure to a constant vertical 
ELF electric field.
Table 1
Short Circuit Currents Induced in Grounded Humans and Animals 
by Vertical Extremely Low Frequency Electric Fields.*
Species Short-Circuit 
Current 








* Taken from TS Tenforde and WT Kaune 1987 
** I = current (A), f= frequency (Hz), W = weight (g), and 
Eo = electric field intensity (V/m).
Another method of comparison, is a simple relationship described by 
Deno(1977), inwhich the external electric fields acting onthe surface 
of a body are measured. Kaune and Phillips (1980) used such 
measures to compare surface electric fields and induced-current 
distributions in grounded models of rats and pigs. Current densities 
were estimated from the induced current data. By combining data 
derived from Deno ’ s human measurements and Kaune ’ s animal data, 
researchers have determined peak surface electric fields and current
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densities have been determined (Figure 1). All three models shown 
in this figure were exposed to an identical 60-Hz electric field of 10 
kV/m. An evaluation of the data shows that, despite comparable 
exposure, die doses of electric fields received by the three models are 
quite different If dose is represented by either the induced axial 
(along the long axis of the body) current density or the peak surface 
electric field, the values are considerably larger in the human than in
the animal models. Therefore, if one wishes to extrapolate biological 
data from one species to another, adjustments must be made to scale 
the exposure parameters. Since exposures are usually given as 
unperturbed field levels (that is, fields with no bodies present), a 
scaling factor must be used to equalize differences between species. 
A complicating element is that the value of the scaling factor depends 
upon the internal or external quantity that is being scaled For 
example, at the top of the body the surface fields (180,67, and 37 kV/ 
m for human, pig, and rat respectively) require scaling factors of 
approximately 1:3:5 for these respective species. If, on the other 
hand, axial current density in the neck is the desired comparison, the 
scaling factors are about 1:14:20 for the three species. These values
Figure 1. Electric field intensity (kV/m)comparisons are made for the 
highest point on the surface of a grounded man, pig, and rat 
exposed to a 10 kV/m, 60-Hz electric field Estimated average 
axial current densities (nA/cm2) are also compared for the same 
species through the body sections as shown. Also given for man 
and pig are current densities calculated as being perpendicular to 
the body surface. Relative body sizes are not to scale (adapted 
from Kaune and Phillips 1980).
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change to 1:12.5:125, respectively, for current densities through the 
lower abdomen. Although the general principle of scaling is appli­
cable and necessary, precise, quantitative extrapolation of data across 
species requires additional knowledge about the specific site of action 
for a particular biological end point
More precise current-density data have recently been obtained by 
measuring more than one component of the total internal current- 
density vector. Representative data for a human model exposed to a 
vertical, 10 kV/m electric field is shown in Figure 2 (Kaune and 
Forsythe 1985). Similar data have been obtained for animal models 
as well (Kaune and Forsythe 1988). Methods have also been 
developed to extrapolate data obtained with grounded subjects to the 
ungrounded condition (Kaune et al. 1987).
Coupling of humans or animals to ELF magnetic fields is different 
from the electric field coupling discussed previously. Although 
biological organisms do not perturb an incident ELF magnetic field, 
they serve as a conductive pathway in which eddy currents are 
induced. These circulating currents lie in planes perpendicular to the 
direction of the incident magnetic field (Tenforde 1986). The 
magnitude of an electric field induced by an external magnetic field 
depends mainly on the loop size of the induced current Equivalent 
doses for subjects exposed to a magnetic field can be obtained by 
using ascalingfactorbasedroughly on the size of the animal or human 
in question.
As described in a paper by Tenforde and Kaune (1987), if the relative 
magnitudes of the electric fieldinducedin a human by electric (10kV/ 
m) and magnetic (30 x 104 T) fields (simulating the fields close to a 
high-voltage power transmission line) are compared, the internal 
fields induced by the electric field are roughly an order of magnitude 
larger than those induced by the magnetic field. That much of the ELF 
bio-effects research has been focused on electric field exposure can 
be partially explained by this large difference in induced internal 
electric fields.
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Figure 1. Induced current densities measured in a saline model of a 
man exposed to a 10kV/m, 60-Hz electric field. Axial and radial 
components of the induced densities are represented by the 
vertical and horizontal arrows respectively with length of the 
arrows roughly comparable to the intensity value of the current 
(from Tenfonde and Kaune 1987).
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REVIEW OF ANIMAL STUDIES
Although the interaction of humans with electric and magnetic fields 
is of prime importance and concern, many areas of biological 
investigation are more efficiently and appropriately conducted using 
various other animal species. Animals provide an integrated system 
that can be used in prospective studies, in contrast to the retrospective 
studies usually done with humans. A major challenge of using data 
from animal studies is the question of extrapolation to human 
exposure conditions as discussed previously.
By far the largest body of information on biological effects of ELF 
fields has been obtained in experimental research on animals exposed 
to electric fields. Experiments have been performed primarily on 
rodents (rats and mice), but a wide variety of other subjects have also 
been used, including insects, birds, cats, dogs, swine, and nonhuman 
primates. A broad range of exposure levels has been employed and 
an equally large number of biological endpoints have been examined 
for evidence of possible electric and/or magnetic field effects. These 
multitudinous studies have been reviewed several times (Sheppard 
and Eisenbud, 1977; WHO, 1984; Anderson and Phillips, 1985; 
Graves, 1985). Summaries of the important findings are presented 
here, arranged according to the biological systems that appear to be 
principally involved: neural and neuroendocrine systems (including 
behavior), reproductive systems (including fertility, growth and 
development), and other functions (including cardiovascular and 
blood chemistry, bone growth and repair, and cellular and membrane 
properties). A separate section addresses the issue ofcarconogenesis 
and mutagenesis.
Biological research conducted at power-frequency electric fields of 
50 to 60 Hz has produced the preponderance of experimental data. 
More limited work has been conducted at lower frequencies (15 to 35 
Hz); very few studies have been performed at frequencies between 
100 and 300 Hz. Only relatively recently have investigators begun 
to focus on the effects of ELF magnetic field exposures on biological 
systems.
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Neural and Neuroendocrine Systems
Many of the biological effects observed in animals exposed to ELF 
fields appear to be directly or indirectly associated with the nervous 
system. This apparent relationship might be anticipated, since the 
nervous system is composed of tissues and processes that arc unusu­
ally responsive to electrical signals. In addition, both the structure and 
function of this system are fundamentally involved in the interaction 
of an animal with its environment The major features of this 
interaction; transmittal of sensory input from external stimuli, central 
processing of such information, and subsequent efferent innervation 
of tissues and organs, may provide the basis for explaining possible 
links between ELF exposure and observed biological consequences.
In early experimental studies, nervous system parameters were 
measured only occasionally, although many of the observed effects, 
primarily behavioral, were related to nervous system function. Be­
fore the late 1970s, studies on ELF exposure relating to nervous 
system function could generally be classified in three categories: 
assessments of activity or startle-response behavior, evaluations of 
stress-related hormones (such as corticosteroids), and general mea­
surements of central nervous system responses (such as EEGs and 
interresponse times). Results were often contradictory, with claims 
of both effects and non-effects from ELF electric field exposure. 
However, because of the possible and suggested sensitivity of the 
nervous system to ELF fields, subsequent studies included a broader 
range of neurological assessments. Specific nervous system re­
sponses, in addition to behavior, began to be sought in experiments. 
This effort was mounted to determine the extent of ELF interaction 
with tissue and/or organ systems and also to investigate the mecha­
nisms underlying the observed biological effects.
Behavior
Among the most sensitive measures of perturbations in a biological 
system are tests that determine modifications in the behavioral 
patterns of animals. Thissensitivityisespecially valuable in studying 
environmental agents of relatively low toxicity.
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Behavioral studies in several species provide evidence of field 
perception and of the possibility that EM fields may directly alter 
behavior. The threshold of detection reported by Stem et al. (1983) 
is between 4 and 10 kV/m in rats. Human volunteers were able to 
detecta9kV/m 60 Hz fieldin certain postures (Graham etal., 1987). 
Thresholds for perception of the field have been reported in the 25 to 
35 kV/mrange in other animal species, including mice (Moos, 1964; 
Rosenberg et aL, 1983), pigs (Kaune et al., 1978), and pigeons and 
chickens (Graves et al., 1978 a,b). It appears that a change in other 
environmental factors, such as relative humidity has the potential to 
alter perception threshold values (Weigel and Lundstrom, 1987). 
Cutaneous sensory receptors that respond to a 60 Hz electric field 
have been identified in the cat paw (Weigel et al., 1987). Whether 
such receptors exist in human skin is unknown.
An evaluation of the preference/avoidance behavior of animals for 
remaining in or out of the E-field has been conducted at several field 
strengths for 60 Hz electric fields. At 100V/m,no effect of exposure, 
either in preference behavior or temporal discrimination, was evident 
in monkeys (deLorge, 1974). At 25 kV/m, rats preferred to spend their 
inactive period in the field, whereas at 75-100 kV/m they avoided 
exposure (Hjeresen et al., 1980). Swine (Hjeresen et al., 1982) 
remained out of the field (30 kV/m) at night but demonstrated few 
other observable behavioral changes. Alterations in activity have 
also been reported in animals exposed to ELF fields, including a 
transitory, increased activity response on initial exposure of rats or 
mice at25 to 35kVAn (Hjeresen etal., 1980; Rosenberg etal, 1983).
Much of the behavioral work with nonhuman primates has been 
performed at very low field strengths (7 to 100 V/m), where essen­
tially no effects of exposure were reported (summarized in NAS, 
1977). Gavalasetal (1970) and Gavalas-Medici and Day-Magdaleno
(1976) observed changes in interresponse time of monkeys during 
exposure, but no other effects. At much higher field strengths (30 kV/ 
m), Rogers et al. (1987) reported minor behavioral changes in 
exposed baboons that appear related to the animals’ perception of the 
field The observed effects do not seem to be permanent or deleterious.
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In studies examining the effect of ELF magnetic fields on behavior, 
many of the investigations carried out at low field intensities have 
shown behavioral alterations, primarily activity changes (Persinger, 
1969; Persinger and Foster, 1970; Smith and Justesen, 1977). In 
contrast, studies conducted at higher field intensities have shown no 
evidence of afield-associated effect on animal behavior (Creim et aL, 
1985; Davis et aL, 1984).
In the experimental studies that have been conducted to determine 
whether ELF fields cause behavioral alterations, remarkably few 
robust effects have been demonstrated (Lovely, 1988). Effects that 
have been observed, usually arousal or activity responses, ate prob­
ably due to the animal’s detection and possible perception of the 
electric field.
Biological rhythms
Far from being static, living organisms exhibit marked dynamics in 
metabolism and function. Major elements of such dynamics are the 
endogenous rhythms of varying frequencies (such as ultradian, 
circadian, and infradian). These biological rhythms, which respond 
to exogenous environmental cues, are normally a complex mix of 
phase-locked rhythms and have significant impacts on the physi­
ological and psychological well-being of the organism. Biochemical 
processes, cellular communications, and functional systems are all 
intimately associated with endogenous rhythms, as is overall sys­
temic response to the environment Dysfunctions in these underlying 
rhythms can profoundly affect die organism and lead to a variety of 
biological effects.
A number of investigations have been conducted to examine the 
effects of ELF electromagnetic fields on natural biological rhythms. 
Following Wever’s significant findings (1971) on the influence of 
electromagnetic fields on humans, several studies have been per­
formed. Dowse (1982) claimed that a 10 Hz, 150 V/m field affected 
the locomotor rhythm of individual fruit flies. Researchers in Ehret’s 
laboratory (Duffy and Ehret, 1982; Rosenberg et al., 1983) used 
metabolic indicators to examine both circadian and ultradian rhythms
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in rats and mice exposed to 60 Hz electric fields. They observed no 
effects of exposure in iats, but they reported that the activity and 
rhythms of oxidative metabolism in male mice could be phase shifted 
by exposure.
Wilson et al. (1981, 1983) directly examined another aspect of 
circadian activity in rats by measuring the cyclical pineal production 
of indolamines and enzymes. A significant reduction in the normal 
nighttime rise of melatonin and biosynthetic enzymes in the pineal 
gland was observed in rats exposed to either 1.5 or 40 kV/m. 
Furthermore, the change in pineal indole response occurred only after 
at least 3 weeks of chronic exposure (Wilson etal., 1986). There was 
also a suggestion of phase-shifting in young rats exposed to 60 Hz 
fields (Reiter et aL 1988). In other studies, nocturnal pineal compo­
nents in mice and rats have been shown to be sensitive to rotated 
magnetic fields (Welker et aL, 1983; Kavaliers et aL, 1984; Lerchl et 
al, 1990). Recent evidence suggests that retinal sensors may be 
involved in the pineal response to EM fields (Olcese et al., 1985; 
Reuss and Olcese, 1986).
Sulzman and Murrish (1987) investigated the effects of ELF fields on 
circadian function in squirrel monkeys. In an examination of 
exposure to a range of electric field intensities (2.6,26, and39kV/m), 
accompanied by a 100 |iT magnetic field, they reported apparent 
intensity-related effects. None of the monkeys exposed to 2.6 kV/m 
showed any change in activity or feeding after 2 weeks of exposure. 
However, 33% of the monkeys exposed to 26 kV/mand75% of those 
exposed to 39 kV/m had significant changes in their circadian cycles.
Although firm conclusions cannot yet be made regarding potential 
health impacts from ELF effects on circadian or biological rhythms, 
it is apparent that EM fields can alter the circadian timing mechanisms 
in mammals. Much work remains to be accomplished before the 
observed effects and their biological consequences are clearly under­
stood. It seems probable that ELF effects on rhythms, particularly 
those mediated by neuroendocrine systems, could play an important 
role in other areas of observed bio-effects, such as behavior and 
development
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Neurochemistry/Neurophysiology
The relationship between the neurotransmitters norepinephrine and 
epinephrine and the physiological responses of stress and arousal is 
well established As researchers began to look for potential biological 
effects of ELF electric fields, measuring these transmitters became 
one of the assessments used to examine the nervous system for 
evidence of a stress response in animals. This approach, which 
benefited from the ease of measuring these chemicals in serum, urine, 
or brain tissue, specifically addressed reports that ELF fields act as 
mild stressors (Dumansky et al., 1977; Marino and Becker, 1977). 
Unfortunately, potential methodological problems raised serious 
questions about the validity of the results from early studies 
(Michaelson, 1979). Experimental design and methodology prob­
lems have also contributed to contradictory results in some of the 
more recent studies.
Groza etal. (1978) measured catecholamines in both urine and blood 
after exposure of rats to 100 kV/m, 60 Hz fields. They reported 
significant increases in epinephrine levels in both blood and urine 
after acute (6-hour to 3-day) exposures but no changes in norepineph­
rine or epinephrine with longer-term (12-day) exposures.
A report of increased norepinephrine in serum of rats exposed to SO 
Hz (50 V /m  and 5.3 kV/m) is found in the wotk of Mose (1978). A 
companion paper by Fischer et al. (1978) examined norepinephrine 
content in brain tissue of rats exposed to 5.3 kV/m for 21 days; after 
15 minutes of exposure the levels increased rapidly. However, after 
10 days of exposure, levels were significantly lower than in a control 
group. Portet and Cabanes (1988) reported no changes in adrenal 
epinephrine or norepinephrine in 2-month-old rats exposed to a 50 
kV/M, 50 Hz fieldfor 8 hours aday. In contrast, Wolpaw etal, (1987) 
reported decreases in cerebrospinal fluid concentrations of the major 
metabolites of dopamine and serotonin, homovanillic acid, and 5- 
hydroxindoleacetic acid in macaques exposed to electric and mag­
netic fields. In addition to possible species-specific response differ­
ences, some of the discrepancies between results of various labora­
tories may be explained in light of results described by Vasquezetal.
60
(1988). Because of circadian fluctuations in levels of neurotransmit­
ters, the time of sampling may be critical in determining whether an 
ELF effect is observed. Vasquez et al. reported significant changes 
in diurnal patterns of several biogenic amines when rats were exposed 
to 60 Hz electric fields for 4 weeks.
Examining another neurochemical parameter, Kozyarin (1981) mea­
sured the acetylcholinesterase (AChE) enzyme levels in rats exposed 
to 50 Hz electric fields. He reported that serum AGiE activity was 
approximately 25 times baseline levels in both young and old animals 
exposed to 15 kV/m for 60 days, 30 minutes a day. Brain levels of 
AChE decreased in exposed animals, although not by such large 
percentages. Further important measurements were made to estimate 
the course of recovery from the observed effects. All values had 
returned to normal 1 month after cessation of exposure. The author 
concluded that electric fields can cause changes in the functional 
condition of the central nervous system, although the changes appear 
to be temporary.
Measurements of corticosteroids in animals exposed to electric fields 
have resulted in a somewhat confusing picture, perhaps because of 
the quick response to stimuli of these adrenal steroids (Michaelson,
1979). Studies at Pennsylvania State University examined the 
hypothesis that 60 Hz electric fields act as a biological stressor 
(Hackman and Graves, 1981). In that study an acute, transient 
increase in plasma corticosterone levels occurred in mice exposed to 
25 or50kV/ra Serum levels of the steroid returned to normal within 
1 day. In some studies conducted in the Soviet Union, Dumansky et 
al. (1976) showed an increase in corticosteroids in rats exposed for 1, 
3, or 4 months at 5 kV/m.
In a study conducted by Marino et al. (1977), serum corticosteriod 
levels were decreased in animals exposed to 15 kV/m for 30 days. 
This study, however, used pooled, grouped samples of serum. It also 
had several other technical problems: cages varied, and in four 
experiments exposed rats were individually housed, whereas control 
rats were housed in groups.
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Results that appear to contradictMarino’s andDumansky ’ s data have 
been described by Free et al. (1981) and Portet and Cabanes (1988), 
who exposed rats or rabbits to 100 and 50 kVAn, respectively, for 30 
days or 120 days. No differences in corticosterone levels were 
observed between exposed and control animals. Providing additional 
support for these data was a study by Gann (1976) in which dogs 
exposed to 15 kV/m showed no effects of E-field exposure on 
corticosterone secretion. Quinlan et al. (1985) collected blood 
samples from rats via carotid artery cannulas during exposure or sham 
exposure to an 80 kV/m, 60 Hz electric field. No statistically 
significant differences in corticosterone levels were noted.
In general, neurochemical data provide relatively weak evidence that 
exposure to electric fields in the power-frequency range may cause 
slight changes in nervous system function. The number of experi­
ments is not large, and there are significant questions about the 
validity of several of the studies. Nevertheless, the findings support 
the hypothesis that ELF exposure alters internal rhythms, increases 
arousal in animals, and is transient in its effect
Several laboratories have examined the morphology of brain tissue 
from animals exposed to ELF electric fields. Carter and Graves 
(1975) andBankoskeet al. (1976) exposed chicks to 40 kVAnE fields 
and saw no effects on central nervous system morphology. This 
finding was supported by those of Phillips et al. (1978), who 
examined rats exposed to 100 kVAn for 30 days. Again, no morpho­
logical evidence of an electric field effect was observed. In a study in 
Sweden (Hansson 1981a,b), dramatic changes in cell structure were 
reported in the cerebella of rabbits exposed to a 14 kVAn E field. 
Exposed animals showed disintegration ofNissl bodies and the three- 
dimensional endoplasmic reticulum structure, as well as the abnor­
mal presence of many lamellar bodies, particularly in the Purkinje 
cells of the cerebellum. Reduced numbers of mitochondria, reduced 
arborization of the dendritic branches, and an absence ofhypolemmal 
cisterns were also evident in these cells. However, these reported 
changes must be interpreted with caution. The animals were exposed 
outdoors and showed evidence of significant health deficits (whether 
resulting from the electric field, other environmental conditions, or
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some combinations of these factors is not clear). Furthermore,results 
from these studies are in conflict with experiments conducted by 
Portet and Cabanes (1988), in which no ultra-structural changes 
occurred in the cerebellaof youngrabbits exposed to 50kV/m. These 
questions concerning neuroanatomical changes have yet to be re­
solved However, the lack of obvious, significant functional deficits 
in the central nervous systems of thousands of animals exposed to 
date suggests that the dramatic morphological alterations in exposed 
rabbits may result from conditions unrelated to electric field expo­
sure. The possibility of synergistic effects from the E field and a 
stressful environment cannot be ruled out
Because the nervous system is by nature electrically sensitive, it has 
been assumed to be particularly sensitive to influence by external 
ELF fields. To some degree this assumption has been borne out by 
experimental results, although in the area of neurophysiology a 
confusing array of studies have claimed both effects and no effects of 
ELF field exposure. A case in point is the commonly used measure 
of general central nervous system activity, the EEG. When chicks 
were exposed for 3 weeks to 60 Hz E fields of up to 80 kV/m, Graves 
et al, (1978b) noted no changes in EEGs recorded via electrodes 
implanted after exposure. Similarly, no effects were observed in the 
EEGs of cats exposed to 80 kV/m at 50 Hz (Silney, 1981). Earlier, 
Blanchi et al. (1973) reported significant changes in EEG activity 
when guinea pigs were exposed for 1/2 hour to a 100 kV/m, 50 Hz 
field Takashima et al, (1979) examined EEGs from rabbits exposed 
to 1 to 10 MHz, modulated at 15 Hz. Before exposure, these animals 
had silver electrodes implanted in their skulls for recording the EEG. 
After 2 to 3 weeks of exposure, abnormal responses were observed 
in the EEGs, although it was subsequently determined that the EEG 
returned to normal when the electrodes were removed during expo­
sure. The investigators thus concluded that the effect on the EEG was 
due to the local fields created by the presence of the electrodes in the 
cranial cavity. Gavalas et al. (1970) noted that 7 and lOHzE fields 
of only 7 V/m affected EEGs recorded from monkeys via implanted 
electrodes. The significance oftheseresults is unclear, since they may 
be due to an artifact caused by the implanted electrodes as noted 
previously.
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EEGs from cats exposed to 50 Hz magnetic fields (8 hours a day at 
20 ml} showed short-term decreases in power density spectra 
(Silney, 1979). This response was observed only for a short time after 
the magnetic field was switched on.
hi an assessment of a more specific electric “fingerprint” of the brain, 
the visual evoked response (VER), no effects of exposure were 
observed in adult or developing rats. Jaffe et al. (1983) assessed the 
VER in X14 rats exposed in utero through 20 days post partum. The 
dams, fetuses, and subsequent pups were exposed to a 65 kV/m, 60 
Hz electric field No consistent, statistically significant effects of 
exposure were observed Wolpaw and associates (1987) examined 
evoked potentials in pig-tailed macaques exposed to combined 
electric and magnetic fields. As in Jaffe’s studies, the VER and the 
auditory evoked potential showed no changes caused by exposure. 
However, an attenuation of the late components of the somatosensory 
evoked potentials was demonstrated in exposed animals. The authors 
suggest that these abnormalities may have been due to a particularly 
large number of stimuli giving rise to a change in the mechanisms of 
attention.
Two other neurophysiological studies have had clear, replicable 
results. Jaffe et aL (1980) examined synaptic junctions from chroni­
cally exposed rats (60 Hz and 100kV/mfor30days). In these studies, 
presynaptic fibers were stimulated with a pair of above-threshold 
pulses. The height ratio of the resultant action potentials, observed as 
a function of the interspike interval, demonstrated an enhanced 
neuronal excitability in nerves from exposed animals. However, 
many other parameters tested in these nerves showed no changes in 
exposed animals. In a second experiment Jaffe et al. (1981)examined 
a wide range of physiological parameters of the peripheral nervous 
system and neuromuscular function. The only effect observed was 
slightly faster recovery from fatigue after chronic stimulation in one 
class of muscle; the soleus, slow-twiteh muscle.
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In summary, numerous studies have been initiated to determine how 
greatly an electrical environment containing electric or magnetic 
fields of ELF affects the nervous system. Many of the experiments 
have not confirmed any neuropathological effects, even after pro­
longed exposures to high-strength (100 kV/m) electric fields and 
high-intensity (5 mT) magnetic fields (Tenforde, 1985). As dis­
cussed previously, nervous system effects that have been observed 
include altered neuronal excitability, altered circadian levels ofpineal 
hormones, and behavioral aversion to or preference for the field. In 
addition, in several instances where unconfirmed or controversial 
data exist, observed effects may or may not be real. Examples are 
changes in serum catecholamines or corticosteroids, morphology of 
brain tissue, and EEG wave forms. Possibly these and other putative 
effects are due to a direct interaction of the electric field with tissue 
cm* to an indirect interaction, such as a physiological response owing 
to detection or stimulation of sensory receptors by the field. The 
nature of the physical mechanisms involved in field-induced effects 
is obscure, and elucidating them is one of the urgent goals of current 
research.
The behavioral tests that most frequently showed an effect of 
exposure were those relating to detection of the field or to activity 
responses. Most other behaviors did not change with ELF field 
exposure. It should also be noted that influences of the nervous 
system on other biological systems are often mediated indirectly 
through neuroendocrine or endocrine responses.
Reproduction and Development
Developing organisms, including prenatal and postnatal mammals, 
are generally considered more sensitive to physical or chemical 
agents than are adult animals (Mahlum et al., 1978). This greater 
sensitivity, when it occurs, is thought to originate in subtle effects on 
the inereasednumber and activity of processes and controls that guide 
the developing cellular interactions. A number of studies have
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examined the effects of ELF exposure on reproduction and develop­
ment ofboth mammalian andnon-mammalian species. These studies 
have been assessed in detail by other reviewers (Chemoff, 1985; 
Sikov, 1985) and are briefly summarized here.
Most of the non-mammalian studies have been performed on chick­
ens or pigeons. Many studies have indicated that electric field 
exposure of chicks at several field strengths, before and after hatch­
ing, did not significantly affect viability, moiphology, behavior, or 
growth (Krueger et al., 1972; Reed and Graves 1984; Veicsteinas et 
al., 1987). However, in one series of experiments chicks exposed to 
40 or 80 kVAn on days 1 to 22 after hatching showed significandy less 
motor activity during the week after removal from the field (Graves 
etal., 1978b).
Few studies have examined the effects of ELF magnetic fields on 
growth and development of birds. Krueger et aL (1972) exposed 
chicks from hatching through 28 days of age to a nonuniform, 45 Hz, 
1.4 x 104 T field Growth rates were depressed, but no other 
parameters were affected Great interest has been shown in the 
reports of Delgado et al, (1982), who observed a marked increase in 
malformation rate in chick eggs exposed to low levels of pulsed 
magnetic fields (0.12 or 12x 10*T). It was subsequently reported that 
an important determinant of the results was the wave shape of the 
pulse (Ubeda et al., 1983). Several research groups have cooperated 
in a multi-laboratory replication of the Delgado experiments. Results 
described in a combined report (Berman et al., 1990) indicated that 
significant malformation increases were suggested in 5 of 6 labora­
tories with statistically significant differences observed in two of the 
laboratories.
Unreplicated studies have given some indications that exposure of 
prenatal mammals to electric fields produces deleterious effects on 
postnatal growth and survival (Knikerbocker et al., 1967; Marino et 
al., 1976,1980;Hansson, 1981b; Sikov etal., 1987). These results are 
countered by others in which rats, rabbits, or mice were exposed to 20,
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50,100,200, or 240 kV/m and no effects on reproduction, survival, 
or growth and development were demonstrated (Cerretelli et at, 
1979; Fam, 1980; Sikov etal., 1984; Pafkova, 1985; Rommereimet 
al., 1987; PortetandCabanes, 1988).
In an evaluation of reproductive and developmental toxicology in 
swine, Sikov et al. (1987) observed no increased terata in progeny 
from die first breeding of swing exposed during preganancy to a 60 
Hz electric field. After 18 months of continued exposure the dams 
were rebred and their litters were examined at 100 days of gestation. 
At that time, malformation incidence in litters of exposed animals was 
significantly greater than in comparable sham-exposed litters. Simi­
lar results were obtained in litters of sec ond generation gilts that were 
bom in the field and bred after 18 months of exposure.
This study was followed by one of similar design (but much greater 
statistical power) in which rats were the experimental model. No 
significant differences in growth and development were observed in 
litters of rats exposed to 10,65, and 130 kV/m when compared with 
sham-exposed controls (Rommereim etal., 1988). In similar experi­
ments using 60-Hz magnetic fields, no significant changes were 
demonstratedin exposed animals (Rommereimetal., 1990; Brinkman 
etal., 1988).
In other studies a rotating magnetic field (0.5 to 15 x KHT) was used 
to expose pregnant rats during various stages of gestation. Some 
differences were noted between exposed and sham-exposed off­
spring, including increased thyroid and testis weights in exposed 
pups. Also, the exposed offspring were more responsive when tested 
in a suppressed response paradigm (Ossenkopp etal., 1972; Persinger 
and Pear, 1972). As indicated previously, conflict remains over 
results of studies investigating the potential for ELF electric or 
magnetic field exposure to affect reproduction and development. 
This confusion over results indicates the need for carefully designed, 
statistically sound experiments that will help clarify this important 
area of investigation.
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Other Biological Functions 
Bone growth and repair
One report of animals exposed to 60 Hz electric fields (McQanahan 
and Phillips, 1983) indicated that bone growth per sc was not affected 
by exposure to 100 kV/m. However, this study, as well as an 
additional report (Marino et aL, 1979), suggested that bone fracture 
repair was retarded in rats and mice exposed to 5 or 100 kV/m, 60 Hz 
fields but not to very low (1 kV/m) field strengths. McQanahan and 
Phillips (1983) suggestthat exposure affects therateofhealingbutnot 
the strength of the healed bone.
In contrast to the experiments with sinusoidal 60 Hz fields, research 
studies and clinical trials (discussed previously) have been performed 
in which magnetic fields were used to treat bone fractures and 
arthroses in humans. The weak electrical currents induced in bone 
tissue by magnetic field pulses may enhance fracture repair by 
altering intracellular concentrations of calcium ions, thus modifying 
cellular metabolism and stimulating growth of the osteoblasts and 
chondrocytes (Luben et al., 1982; Bassett, 1978). Why 60 Hz 
sinusoidal electric fields cause a retardation of fracture repair, whereas 
pulsed magnetic fields facilitate repair, is unclear.
Cardiovascular system
Cardiovascular function has been assessed by measuring blood 
pressure and heart rate and performing electrocardiographic mea­
surements. Early studies indicated as possible effects a decrease in 
heart rate and cardiac output in dogs exposed to 15 kVAn (Gann, 
1976) and increased heart rates in chickens exposed to 80 kV/m 
(Carter and Graves, 1975). A more recent and comprehensive study 
in rats exposed to 100 kV/m showed no such effects of exposure, even 
when the animals were subjected to cold stress (Hilton and Phillips,
1980). Ceiretelli and Malaguti (1976) reported transient increases in 
blood pressure in dogs exposed to 50 Hz E fields greater than 10 kV/ 
m. Hilton and Phillips (1980) were unable to confirm a report by 
Blanchi et al. (1973) of electrocardiographic changes in animals 
exposed to 100 kV/m.
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Magnetic field exposure of dogs (50 Hz, 2 T) caused a stimulation of 
the heart in the diastolic phase, with salvos of ectopic beats appearing 
in the recordings (Sliney, 1985). Humans exposed to combined 
electric and magnetic fields (9 kV/m, 20 pT) have demonstrated a 
longer cardiac interbeat interval than sham-exposed subjects (Gra­
ham et al., 1987).
Serum chemistry appears to be relatively unaffected by exposure to 
either ELF electric or magnetic fields (Marino and Becker, 1977; 
Mathewson et al., 1977; Ragan et al., 1979,1983). Hematological 
data, however, present a more confusing picture. With electric field 
exposure, white blood cell count was often elevated in populations of 
mice and rats (Graves et al., 1979; Ragan et al., 1983). With the 
exception of onerepoitby Tarakhovsky et al. (1971), all the published 
studies on hematological effects of magnetic field exposure have 
shown no field-associated effects (Beischer et al, 1973; de Lorge, 
1974; Fam, 1981; Sander et aL, 1982). The occasional positive or 
negative effects on the hematopoietic system must be carefully 
evaluated Apparent sporadic effects may not be biologically or 
statistically significant; particularly when appropriate multi-variate 
analyses are used to evaluate the wide range of hematological and 
serum chemistry parameters.
Immunology
There is some indication that exposure of animals to electric fields 
does not markedly affect the immune system. In a comprehensive 
investigation of the humoral and cellular aspects of the immune 
system, Morris et al. (1979, 1982, 1983) observed no effects of 
exposure at very low field strengths (150 to 250 V/m) in mice or rats. 
In subsequent experiments at higher field exposures (100 kV/m), no 
effects were seen in immune system response. However, Lyle et at
(1983) reported significant decrements in the cytolytic capacity of 
lymphocytes exposed to radio frequency fields modulated at 60 Hz. 
Further work with 60 Hz electric fields alone also resulted in a
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suppression of T-lymphocyte cytotoxicity (Lyle et al., 1988). A 
significant difference between the work reported from these two 
laboratories is that Morris measured lymphocyte responses from 
exposed animals, whereas Lyle exposed lymphocytes in culture.
In contrast to the apparent lack of strong or consistent electric field 
influences on the immune system, immunoresponse to mitogens and 
antigens appears to be significantly susceptible to ELF magnetic 
fields (Odintsov, 1965; Mizushima et al., 1975; Conti et aL, 1983).
Carcinogenesis and Mutagenesis
No effects suggesting a direct effect of electric field exposure on 
mutagenesis or carcinogenesis have been observed (Mittler, 1972; 
FrazieretaL, 1987). However, there is considerable research interest 
on this question due to an increasing number of epidemiological 
studies that suggest a possible association between ELF magnetic 
field exposure and cancer. As yet, only a few published laboratory 
studies, conducted in animals, bear directly on this question and there 
is an urgent need for such studies.
No studies to date have been reported in which spontaneous tumor 
development was followed in normal animals exposed to ELF fields. 
Another possible approach would be a cocarcinogenesis system in 
which EM exposure is used as a promoter following an initiating 
event (chemical or ionizing radiation).
In a preliminary report, Leung et al., (1988) describes an experiment 
wherein animals were exposed to 60 Hz electric fields for extended 
periods (approximately 180 days). The exposed and sham-exposed 
animals were treated with a single dose of the potent mammary tumor 
initiatordimethylbenz(a)- anthracene at 55 days of age. No increases 
were reported in the number of rats developing tumors. However, 
they did observed an increase in the number of tumors per tumor- 
bearing animal
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Tumor growth was inhibited in a few experimental animal models 
when pulsed magnetic fields were used to expose die animals 
(Bellossi ct al., 1986). However, sinusoidal 60 Hz fields, did not 
exhibit growth altering action (Thomson et al., 1988).
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HEALTH E F F E C T S  O F  E L E C T R O M A G N E T IC  
RADIATION O N  W O R K E R S : EPIDEM IO LO G IC  
S T U D IE S
This paper was preparedfor aplenary session of theNIOSH scientific 
workshop on the health effects of electromagnetic radiation on 
workers. It reviews the epidemiological evidence on cancer, repro­
duction, and neuropsychological effects with respect to the risk 
resulting from occupational exposure to 60/50 Hz electromagnetic 
fields (EMF). Childhood and adult cancers resulting from residential 
exposure to EMF arc not included in this review, nor are studies 
dealing with direct current energy. With a few exceptions, this review 
is limited to published studies in peer reviewed journals.
CANCER
Cancer was first associated epidemiologically with exposure to EMF 
in 1979, when Wertheimer and Leeper (1) reported that children 
dying from cancer resided more often in homes with high current 
configuration than did healthy control children. Wire configuration 
around houses was used as a surrogate for EMF exposure.
Soon after this study, epidemiologists from many countries looking 
at occupational cohorts, reported what seemed to be a confirmation 
of the putative as sociation, EMF - cancer, as proposed by Wertheimer.
Since 1982, scores of occupational epidemiologic studies have been 
published To discuss the evolution of knowledge gained through 
those studies, it is convenient to regroup them under subtitles: (1) 
cancer hypotheses generating studies, (2) leukemia case control 
studies, (3) brain cancer case control studies, (4) cohort studies of 
electrical workers, (5) skin melanoma case control studies, (6) 
welding and exposure to EMF, (7) male breast cancer.
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Cancer hypotheses generating studies
To test Wertheimer's hypothesis, occupational epidemiologists first 
examined existing mortality and morbidity registries of several 
countries. Within six years, from 1982 to 1988, no less than 12 
communications had been published, most of them as short papers or 
letters to editors. As seen from figure 1, the majority of these reports 
observed an excess of leukemia among broadly defined “electrical 
occupations” and this excess seemed to be higher for acute myleoid 
leukemia (Figure 2). Pooled analyses of these results have estab­
lished a significant excess of all leukemias with a risk estimate of 1.18 
(1.09 -1.29) and a significant excess of acute myeloid leukemia with 
risk estimate of 1.46 (1.27 -1.65) (14). Results presented in figures
RR(95% Cl)
* some overlapping
Figure 1. Leukemia Risks among Electrical Workers—All Leukemia
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RR (95% Cl)
Figure 2. Leukemia Risks among Electrical Workers—Acute Myeloid 
Leukemia
1 and 2 are for all leukemias and for all workers. More spectacular 
excesses were noted for specific leukemia types and/or specific 
occupational groups but these excesses varied between studies and no 
consistent finding can be pinpointed.
Everybody, including the authors, have recognized that these explor­
atory studies were gross, that numbers were small, that exposure was 
ill defined, that statistical analyses very often woe weak, that there 
may exist at the workplace carcinogenic agents other than EMF 
responsible for the excesses observed, that no confounders have been 
controlled for and consequently that the results can only be indicative 
and need to be reassessed by more powerful and better designed studies
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Five case control studies bearing on the issue of leukemia among 
workers occupationally exposed to EMF have been published since 
1985 (see Table 1). These studies are impressive: they are well
Table 1
LEUKEMIA AMONG WORKERS OCCUPATIONALLY EXPOSED TO
EMF
UR (OONF. INT.)
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Leukem ia case control studies




underground coal miners 
40 leukemia deaths 
160 non cancer deaths
naval shipyard workers 
53 leukemia deaths 
3.00 (1*29 -6.98)
212 members of cohort 















Myelogenous L 4.74* 
AML 3.80
for electricians 
+ years of employment
ML
LL
133 (0.77 - 7.06) 
6.00 (1.47 - 24.45)
Flodin#17
1986
population based search postal 
for association with gamma questionnaire 
rad m houses 
59 AML alive
354 general population controls
for welders
aUL 125 (0.92 - 5.53)
ML 3.83 (1.28 -11.46)
LL 0 (- — )
for electrical workers (elec. 
technicians, dec. welders, 
computer telephone mechanics) 
AML 3.8 (1.5-9.5)
Coggon#18 male cancers in occupational hist AML a duster of 5 electrical
1986 3 UK counties through postal woikers in these 29 cases
29 acute myeloid leukemia questionnaires 
2913 oflier cancels
Pearce#19 New Zealand cancer 
1989
occupation on for all electical woikers
reg. 80-84 registry forms all L 1.62 (1.04-2.52)
534 male leukemia acute L 1.25 (0.62 • 254)
all oflier cancers chronic L 2.12 (1.19 - 3.76)
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designed, with reasonably large numbers of leukemia cases. On two 
occasions, the association of leukemia with EMF was an incidental 
observation by authors whose objective was to test a different 
hypothesis. Odd ratios are higher than
those observed in the exploratory studies. In general, excesses are 
seen for allleukemias and acute myeloid leukemia; chronic lymphoid 
leukemia is also reported with elevated odds ratios. These five 
studies, however, are plagued with one weakness: exposure assess- 
ment Exposure is estimated based usually on occupational history 
secured through postal questionnaire or transcribed from registration 
forms. Gilman (15) used time spent underground as a surrogate of 
EMF exposure for coal miners.
These case control studies seem to support and even strengthen the 
possible association between leukemia and working in ‘electrical 
occupations,’ but because of the gross estimates of exposure, they say 
little about its association with EMF.
Brain cancer case control studies
Brain is the second cancer site that has caught the attention of 
occupational epidemiologists. Since 1985, at least seven case control 
studies of brain cancer and occupational exposure to EMF have been 
published (Table 2).
Most of these studies have shown elevated odd ratios for electrical 
related occupations. Some odd ratios were high (Speers (22) ob­
served an OR of 13.10 among Texas utility employees). At least 3 
studies indicated the presence of a dose response relationship be­
tween EMF exposure and brain cancer.
As with the leukemia studies, these case control studies of brain 
cancer are impressive. There are reasonably large numbers of cases 
among exposed workers. Many elevated odd ratios are statistically 
significant and dose response relationships woe observed more than 
once. However exposure has been estimated based on remote 
information, usually through occupations reported on registry files or 
secured through postal questionnaires.
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Table 2




Maryland residents occupation on 
519 glioma/ death certif.
astrocytoma deaths panel rating 
519 rand non cancer based on 
deaths occupations
Coggon#18
1986 male cancer in occupational
3 UK counties hist through
97 brain cancers postal quest
2845 other cancers




C (possible) 1.44 (1.1 -2.0)
D(no) 1.00 (----)
dec. eng. 1.9 (0.4 - 5.6)
elec. & electron, 
workers 2.0 (0.8 - 4.1)
Thomas#21
1987 Louisiana, N. Jersey, occupational 
Penn, residents history from
435 brain cancer next of kin
deaths panel rating
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1988 East Texas res. 
202 glioma deaths 
238 ran. non-brain 
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occ. hist on 
death certif.
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repair of elec.
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utilities & sanitary 
services 0.5 (0.1 -1.7)
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In a search for further clues on the possible association of cancer 
with occupational exposure to EMF, studies of cohorts of work­
ers exposed to EMF are worth looking into. Such studies should 
provide us with additional information on the risks for leukemia 
and brain cancer as well as other cancer types.
Several cohort studies of electrical workers exist in the literature.
The occupational cohorts that have been studied are: telephone 
operators, electronic industry workers, electrical engineers, tele­
communications industry workers, linemen, station operators, 
electricians, amateur radio operators, telephone company work­
ers, electrical utility workers, and radiomen. In most of them, 
sample sizes are large and observation periods extend over many 
years.
Two trends are noticeable (see Table 3). Up until 1990, although 
several risk ratios for leukemia and brain cancer were over 1.0, 
few excesses were statistically significant Only one study 
observed a significant excess of acute myeloid leukemia (AML) 
(31), and only one, an excess of all leukemias (35). No brain 
cancers were significantly in excess. Since 1990, care has been 
given to defining exposed groups with more homogeneity. As a 
consequence, more significant excesses for leukemia and brain 
cancer have been observed.
Since exposure in large cohort studies is usually ‘diluted,’ the 
observation made concerning leukemia and brain cancer in these 
cohorts supports the possibility of an association between these 
cancers and exposure to EMF (as suggested by case control 
studies). Moreover, while cohort studies have not been very 
powerful in showing an excess of leukemia and brain cancer 
among exposed workers, they have revealed a fairly constant 
excess of skin melanoma(skin melanoma is in excess in 5/7 
cohorts).
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Table 3
COHORT STUDIES OF ELECTRICAL WORKERS
acute
skin myeloid
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all cancer melanoma brain leukemia leukemû
Wiklund 1981, RR #25 
Telephone operators NR NR NR 1.03 (12) NR
Vagero 1983, RR #26 
Electronics industry 1.15* (1855) 135* (59) <1J0 <1.0 <L0
Olin 1985, SMR#27 




1X0 (102) 25* (8) UO (5) 0 0













McLaughlin 1987, SIR #30
Electricians
NR














Milham 1988, SMR #31 
Amateur radio 
operators
0.89* (741) NR 139(29) 1.24<36) 1.76*(15
Gubexan 1989, SMR #32 
Electricians 1.14(52) 0.91 (1H 154(2) 1^43(2) 0
De Guire 1988, SIR #33
Telecommunication
industry
NR 2.7* (10) NR NR NR
Lin 1989, SMR #34 
Telecommunication 
industry
1X)1 (129) NR 2.4(5) NR NR
Matanoski 1989, SIR #35
all telephone 
employees 

















Koifinan 1989, PMR #36
Electrical utility L60*(347) 0.82(1) 1/44(8) 0.89(4) NR
workers
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Garland 199a SIR #37 
Young males in navy 
electrician’s mate NR NR NR 24* (7) NR
electronics technician NR NR NR 1.1 (5) NR
radioman NR NR NR 1.1 (4) NR
Juutilainen 1990, SIR #13 
probably exposed NR NR 131 (13) 1.85* (10) 147(3)
to EMF
possibly exposed NR NR 129*(149) 142* (94) 137(34)
to EMF




telephone installers NR NR 237 (9) 143 (3) 1.23(1)
<£ repairmen 




electrical, electronic NR 0.98 (63) NR NR NR
NR 1.18 (16) NR NR NR
telephone operators NR 12.03* (2) NR NR NR




Numbers in parentheses indicate the number of cases for each cause*
Skin melanoma case control studies
Two case control studies of eye melanoma with mention of electrical 
workers, were traced (see table 4). In 1983, S werdlow (39), observed 
elevated odd ratios of eye melanoma for electrical and electronics 
workers. However, in another case control study of eye melanoma 
in 4 Canadian western provinces, Gallagher (40) did not find an 
excess of electrical or electronics workers among his cases.
So reports of excess of skin (and eye) melanoma among electrical and 
electronics workers should not be overlooked It is however, commonly 
argued that the excess of skin melanoma in this group of woricers reflects 
more the higher socio-economic status of these people rather than die 
consequence erf exposure to EMF. This deserves further attention.
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Table 4
CASB/CONIKOLS EXPOSURE ASSESSMENT UK (PKRJ
Swerdlow England and Wales occupation in for electrical and
1983(#39) Cancer registry registry electronics workers
2159 m. incident cases 1968-78 1.26
2125 f. incident cases 1971 1.67




Gallagher Cancer registry of occupation secured no elevated risk found
1985 (#40) 4 provinces in west through interviews for electrical or
Canada (79-81) 
age 20-79 




PRR= Proportional Registration Ratios
Welding and EMF
Welders arc exposed to intense electric and magnetic fields. Theoreti­
cally, they are among the workers most exposed to EMF. In 1987, 
Stem (41) included an extensive review of 15 cancer studies in 
welders (Table 5). He observed that excess lung cancer was reportedin 
most studies but not leukemia« He proposed that this observation goes 
against the hypothesis of an association of EMF - leukemia. How­
ever, at approximately the same time, in a case control study of 
chronic myeloid leukemia, Preston-Martin (42) reported a highly 
elevated odd ratio (OR adjusted25.4(22)2.78-23234) for welders. This 
last finding isremaricabfe inview of the negative studies previously died.
Male breast cancer
In a recent study of telephone workers, Matanowski (35) found an 
elevated risk of male breast cancer among central office technicians. 
This is an extremely rare disease. Two cases were found among the 
9,561 workers; ordinarily, none would be expected. The work 
environment of central office technicians is typified by a pattern of 
“spikes” in magnetic field intensity.
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STUDIES OF LEUKEMIA INCIDENCE IN WELDING POPULATIONS 
(FROM STERN#41):
TabJe5
ALLLEUKEMIA ACUTE LEUKEMIA LUNG CANCER
o RR o RR o RR
I) 6 056 4(m) 1.71
2) — — 0(1) —
3) 20 0.83 13(a) 1.04
4) 7 225
5) —(m) (3.8)
6) 19 0.89 6(a) 0.67
7) 0 — 6 0.95
8) 0 — 17 15
9) 4 42 10 22
10) 4 035 50 132
11) 1 25 7 138
12) 6(a) 1.81 27 0.99
13) 43 0.99 193 142
14) 15 1.14 12 1.60
15) 27 0.85 7(m) 0.76 381 146
4(1) 0.63 305 127
Pooled




— number not given
To test Matanowski’s hypothesis, Demers (43) carried out a case 
control study of 227 male breast cancers drawn from 10 registries 
from the Surveillance Epidemiology and End Results (SEER) pro­
gram of the National Cancer Institute. Controls were selected (300) 
through random digit dialing or from medicare eligibility lists. 
Exposure was based on work history. An elevated risk was found for 
any exposed job (OR = 1.8, Cl 1.0 - 3.2) and was highest among 
electricians, telephone linemen, and electric power workers (OR = 
6.0, Cl 1.7 - 21.5), and radio or communication workers (OR = 2.9, 
CI0.8-10.2).
The observation of an excess of male breast cancer among exposed 
workers may carry a particular significance in view of the proposed 
mechanism by which EMF could cause cancer through interfering 
with the melatonin hormonal system.
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Conclusions on cancer evidence
Even if epidemiologic studies, so far, have raised more questions than 
they have answered and have yieldedlittle convincing evidence, they 
should not be over looked. They were blamed to be plagued with 
méthodologie weaknesses and above all, with crude estimates of 
exposure. Even with such weaknesses and estimates of exposure, 
they nevertheless, have observed increased risks which may mean 
méthodologie improvements and more accurate measurements of 
exposure may confirm previous findings. It is disappointing to realize 
that since 1979, not much progress has been made. Things go at a 
snail* s pace. Much hope is being put on the “mega research” projects 
that are now being conducted in several places in the world
REPRODUCTION
Reproductive health is a concept that encompasses many concerns 
including genotoxicity, teratogenicity, infertility, effects on the child 
to be bom or even cancer at a young age. Few studies have addressed 
these questions in the context of exposure to EMF.
It is convenient to regroup the traced studies under headings such as 
(1) outcomes of pregnancy and use of electric blanket, (2) outcomes 
of pregnancy in wives of exposed workers, (3) infertility of exposed 
male workers, (4) central nervous system cancer in children of 
exposed fathers, (5) childhood cancer and prenatal exposure to 
electric appliances.
Outcomes of pregnancy and use of electric blanket
Use of electric blanket and heated waterbed is probably the most 
intense domestic exposure to EMF that one can get This may carry 
some impact on pregnancy outcomes by acting cither directly on the 
fetus or on the gametes through some genotoxicity. Surprisingly, 
only two studies so far have addressed this question and they are both 
from the same authors, Wertheimer and Leeper (44,45) (see Table 6).
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Wertheimer 1986 #44 
Population: 1784 Colorado births 
102 fetal losses




+ + N/A +
Outcome: extracted from 
birth records
Wertheimer 1989 #45 
Population: 1879 Oregon births 
142 fetal losses





N/A N/A N/A +
Outcome: < 20 weeks gestation 





In their first study, based on 1,784 Colorado births and 102 fetal 
losses, the authors observed a seasonal variation in prolonged gesta­
tional periods among users of electric blankets and heated waterbeds. 
They show that this variation paralleled the use of these electrical 
devices atthe time of conception (Figure 3). Similarly, they observed 
an association between abortion rates and use of electrically heated 
beds (Figure 4). Even low birth weights were associated with the use 
of electrical devices, although this association existed only in combi­
nation with prolonged gestational periods in what the authors call 
“slow growing” infants.
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Month of Conception 
Figure 3. Seasonal pattern of cold nights (Denver, 1976-1982) and 
of gestation period, for users and nonusers of electrically heated 
beds. Gestation periods were generally longer for infants of users 
of electrically heated beds when those infants were conceived in 
the season when the need for electrical bed heating is greatest 
Based on Wertheimer (44)
In their second study, the authors examined the relationship between 
early fetal losses and exposure to heating cables in private houses (as 
well as use of electric blankets and heated waterbeds). They observed 
a monthly variation in the ratio of abortions occurring among those 
exposed to EMF over the abortions occurring in unexposed controls. 
These variations paralleled the changes in heating degree days 
(Figure 5). Based on these two studies, the authors pposed that an 
association may exist between EMF exposure and unfavorable 
outcomes of pregnancy.
Outcomes of pregnancy in wives of exposed workers
Only one study has addressed this question. In 1983, Nordstrom (46) 
tried to assess the impact of fathers’ exposure at work on the outcome 
of their wives’ pregnancies (Table 7% Exposure was assessed based 
on the occupational history reported in questionnaires distributed to 
active and former employees of a Swedish electrical plant CTable 7).
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Abortion Month
Figure 4. Season of abortion related to monthly changes in mean 
minimum temperature (Denver, 1976-1982). For users of elec­
trically heated beds, an excess of reported abortions occurs in the 
winter months, especially in those months when the mean 
minimum temperature is colder than it was during the preceding 
month.
Based on Wertheimer (44)
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Figure 5. Abortions related to change in temperature. A monthly 
running ratio of abortions occurring among those exposed to 
electromagnetic field sources, divided by abortions occuning in 
unexposed controls, is represented by the solid line. The monthly 
change in heating degree days (compared with the preceding 
month) is represented by the broken line. (Note: heating degree 
days F can be converted to heating degree days C by multiplying 
by 0.55.) In the top graph, the source of electromagnetic fields is 
ceiling cable electric heat (CQ; in the bottom graph, the exposure 
source is electric blankets and heated waterbeds (E/W). In­
creased abortion in each exposed group is highly correlated with 
months when cold weather is increasing (with a consequent 
increase of electromagnetic field exposure in the exposed group).
Based on Wertheimer (44)
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Population: 483 electrical











Pregnancy outcomes were checked against hospital records. The 
outcomes studied were: spontaneous abortions, perinatal deaths, 
stillbirths and congenital malformations. The authors reported an 
excess of abnormalpregnanciesduemainly to an increase incongeni- 
tal malformations among couples whose male partner worked in high 
voltage switch yards . No effects were observed for the other 
outcomes that were studied
Infertility of exposed male workers
To look into the potential influence of occupational EMF exposure on 
workers’ fertility, authors have studied several end points such as: 
number of children, children’s sex ratios male/female, difficulty in 
attaining pregnancy, and azoo and oligo spermia.
Number of children and their sex ratios 
In an unpublished report, Roberge (47) reported that in a group of 56 
utility workers exposed to 735 kV transmission lines, the children’s 
sex ratio male/female was 1.1 (27/25) before starting work and 
changed to a ratio of 5.7 (17/3) 4.5 years later (Table 8). In 1979, 
Knave (48) observed that 53 substations (400kV) workers had fewer 
children (mostly boys) than a group of non exposed utility workers, 
but he attributed this difference to confounding due to higher education
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Knave 1979 #48 less children among exposed wcukere (mostly boys)






exposed workers had more difficulty attaining pregnancy
Buiatti 1984 #50 azoospermia/oligospermia 
for radio electric wodcers OR 5.89(5) 0.86-40.18
BaronoceIlil986#49 no trend in number of children by exposure categories
of the exposed men. In 1983, Nordstrom (46) reported that the 
children’s sex ratio male / female in 3 groups of utility workers was 
as follows: switchyard workers 0.92 (67/73), other exposed workers
1.23 (190/154), non exposed workers 1.16 (167/144). In 1986, 
Baroncelli (49) studied the number of children among several expo­
sure categories of utility workers and did not observe any difference.
These issues of number of children among exposed utility workers 
and the sex ratio male/female of these children, have been rather contro­
versial and have contributed little to the question of infertility among 
exposed woikers.
Difficulty in attaining pregnancy
In his study of reproductive hazards among workers at high voltage 
substations in Sweden, Nordstrom (46) attempted to estimate male 
infertility by inquiring about the difficulty in attaining pregnancy in 
couples where the male was exposed during the fertility age. The 
reported rates of difficulty were as follows: 400 kV switchyard 
workers 20% (32/164), 380-220 V transmission line workers 19% 
(12/62), and those exposed to a maximum of 130 kV 6% (2/33). In 
further analyses, the difficulties in the first group were concentrated 
among high voltage switchyard workers.
1 1 0
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Azoo spermia/oligo spermia
In 1984, in a well structured case control study, Buiatd (50) reported 
an elevated although not significant azoo spermia and oligo spermia 
odd ratio of 5.89 (5) CT = 0.86 - 40.18, for radio electric workers. The 
authors considered this observation very unusual and recommended 
furtherinvestigations. In general, itisreasonabte to say thatmale infertility 
remains an issue that has not been sufficiently studied so far and should be 
pursued
CNS cancers and paternal occupational exposure before 
birth
Paternal exposure before birth on the development of brain cancer in 
childhood has been addressed in at least 4 population based case 
control studies, 2 from Texas by the same research team, 1 from New 
York State and 1 from Philadelphia (Table 9).
Table 9
CNS CANCER IN CHILDREN AND PARENTAL OCCUPATIONAL EXPOSURE TO 
EMF /  CASE-CONTROL STUDIES
CASES/CCWIRCtS EXPOSURE ASSESSMENT OK (CASES) OONF. INT.
Spitz, 1985 #51
157 neuroblastoma, father’s occiyation
< age 15,1964-78 on birth certificate







group I: electricians 




group H: group I +
2.14 (13) 0.95-4.82
213 (17) 1.05-435 
11.75 (6) 1.40-98.55
Nasca, 1988 #52 
338 CNS primiy 
cancers < age 15, 
1968-77
678 rand, cntiis from 
gen. population 
NY state




group I: elec., 
electron, wrkrs, brth 1.70 (15) 0.80-339
linemen, welders dx 1.28 (11)036-2.91 
group H: group I +
electric equipment birth 1.61 (19) 0.83-3.11 
repairmen, dx 1.14(12)033-246 
utility workers
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Table 9—CNS cancer and puntai occupational exposure to EMF / case-control(cont’d)
CASBS/CONTROLS HXPQ6URE ASSBSSMHNT U K  (CASES) OONF. INT.
Johnson, 1989 #53
499 CNS canons father's occ. on
cage 15,1964-80 birth certificate
998 rand, cntrls fan 
gen. population 
Texas
Bunin 1990 #54 
104 neuroblastoma 
104 random controls
all ind. with potential 
EMF exposure
- electron, manuf.




radio & TV ind. 
-elee, utilities
- elee, repair serves 
















apparatus assemblers and 
mechanics 2-01 (4) 050-8.08
occupation history 










group L as Spitz 








products wodcers 1.6 (-) 05-62
products assemblers 4.0(-)04-195JO
dec. and electron, 
prod, assmbly wrkrs 
(both mother & 6 cases /1 control
father exposures)
The number of cases in these studies was fairly large (from 157 to 499); 
the children were from 0 to 14 years of age. Fathers* occupations were 
assessed finombirth certificates in two studies and frcminterviews with the 
mother or father in the other two. Exposure was estimated from fathers’ 
occupation and no direct measurements were carried out
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Most odd ratios in these studies are elevated, several of them reaching 
statistical significance. The most striking results concern occupa­
tions that involve use, repair or manufacture of electrical and electron­
ics equipment; electronics workers; and electricians.
In view of previous studies that have observed an excess of brain 
cancer among workers exposed to EMF, these studies of the potential 
relationship between childhood brain cancer and paternal exposure at 
birth deserve to be repeated and this issue needs to be investigated 
further.
Childhood cancer and use of electric appliances
Alongside the study of the association between residential exposure 
and childhood cancer, Savitz (23) interviewed mothers of children 
about their use of electric appliances before and after the child’s birth.
His results were published in 1990 (Table 10). After adjustment for 
income, prenatal electric blanket exposure was associated with a 
small increase in the incidence of childhood cancer (OR 1.3, Cl 0.7
- 2.2) that was more pronounced for leukemia (OR 1.7, Cl 0.8 - 3.6) 
and brain cancer (OR 2.5, Cl 1.1 - 5.5).
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Table 10
CHILDHOOD CANCER AND PRENATAL EXPOSURE TO ELECTRIC
APPLIANCES
all cancers leukemia brain
Savitz 1990 #23
252 cancers aged 0-14 
222 random controls
electric blankets 13 (0.7-22)* 1.7 (0.8-3.6)* 23(1.1-55)*
exposure by 
questionnaire water beds 0.7 (0.4-14) 03 (01-12) 05 (02-2.0)
electric clocks 0.8 (015-1.2) 0.9(05-1.6) 0.8 (0.4-1.7)
multiple controlled 
analysis heating pads 1.1 CCX6-1.9) 0.9(04-22) 0.9 (04-2.7)
* after adjustment for income
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Conclusions on reproduction
The findings on reproduction can be summarized as follows: associa­
tion between EMF exposure from electric blanket or through exposed 
spouse on pregnancy outcomes (prolonged gestation period, low 
birth weight, congenital malformation, spontaneous abortion) has 
been proposed by some authors, but so few studies have been 
conducted that this concern remains to be explored further. With 
regard to male infertility, studies on the number of children and sex 
ratio of children of exposed workers are probably not worth pursuing. 
Four studies have addressed this concern and they are either contra­
dictory or totally negative. The issue of difficulty in attaining 
pregnancy among couples whose men are switchyard workers and 
the issue of azoo spermia/aligo spermia among workers exposed to 
elevated fields may be worth pursuing in the context of observations 
made by Nordstrom (46) and Buiatti (50). The most worrisome 
observation and the one that deserves careful scrutiny is brain cancer 
in children of exposed workers or/and children whose parents used 
electric blankets anteceding their birth.
NEUROPSYCHOLOGICAL EFFECTS
Several epidemiological studies have tried to test the hypothesis 
raised many years ago by Russian authors of apotential effect of EMF 
exposure on the nervous system. Most of them are cross sectional 
studies of workers or residents working or living near and away from 
electrical sources.
Numerous effects, symptoms and performances in psychological 
tests have been investigated Neurasthenic and depressive symp­
toms, schizophrenic diseases, psychological tests including reaction 
time, memory, manual dexterity, perceptual speed, medical visits, 
medicinal consumption, headache, etc. are but a few examples of this 
myriad of end points observed A schematic summary of the most 
important studies is given in Tables 1 la and 1 lb.
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PSY C H O L O G IC A L  A N D  N E U R O L O G IC A L  
EFFEC T S O F E X P O S U R E  TO  E M F
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Strumza # 5 5 -----
Knave #48
Broadbent # 5 6 -----








— negative results 
+ positive results
Except for depression and personality abnormalities among high rise 
building dwellers reported in one study (57), no differences in 
psychiatric diseases or psychological abnormalities were observed 
between exposed and non exposed people. Results are remarkably 
negative. Knave (48) even reported that performance to psychologi­
cal tests was better among exposed than non exposed workers, 
attributing these differences to higher socio-economic and educa­
tional levels of men working in high voltage substations. It is
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Table lib
P S Y C H O L O G IC A L  A N D  N E U R O L O G IC A L  
EFFEC T S O F E X P O S U R E  T O  E M F
psychological tests
Strumza 1970 #55
267 persons living 
or working within 
25 meters of high 
tension power lines 
258 p. hv. or work.
> 125 meters of high 
tension power lines
Knave 1979 #48 
volunteer workers, 
cross sectional 
53 exposed to 400 kV 
substations - 53 non 
exposed from same co.
Broadbent 1985 #56




railway high voltage 








high rise building 
dwelling 75 cases 
(37 near, 38 distant)
g 2?•£ § b B
<u> §
a a*§ §• i
N/A N/A N/A N/A N/A
no better better no better
no N/A N/A N/A N/A N/A










surprising however, to realize that no study has investigated alteration 
in sleep patterns among EMF exposed workers. Knowing that EMF 
may alter the circadian rhythm and may interact with the secretion of 
melatonine (58), it would seem reasonable to conduct studies on the 
relationship between sleep pattern and exposure to EMF.
One concern related to the nervous system that has been studied with 
more attention was suicide (Table 12). Reichmanis (59) examined 
the association between the act of suicide and estimated EMF field 
exposure arising from 50 hertz overhead high voltage transmission 
lines at the residence of 598 suicide victims and controls in the 
Midlands, England The addresses of cases and controls were plotted 
on planemetrie maps together with transmission lines. The total 
electric and magnetic fields attributable to electric lines were esti­
mated from this information for each case and control. There were 
differences in exposure between cases and controls but no clear 
association with intensity of exposure.
Table 12 
SUICIDE AND EXPOSURE TO EMF




598 suicides (69-76) MF est from 
598 rand, cnfarls maps of electrical 
stratified equipment 
by map areas 
West Midlands, UK
suicide victims more exposed 




second analysis of 
same material
MF measured at 0.5 
meter from front 
door of the residence
cases esq). 305/590 )
)pc.Q 5 
controls exp. 257/594 )
cases X 0.087 jiT )
)P  <X15 
controls X 0.071 |iT  )
McDowaU 
1986 #61
8000 prsns residing 
within 30 mf 
of source in 1971 








dec. occ. for radio/radar mechanics 
PMR 1.53 (19) 52-239
for telegraph^adio operators
FMR 256 (10) 123-4.71
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Later, Perry (60), conducted a similar study on the same598 cases and 
controls. Measurements of magnetic fields (MF) were carried out at 
suicide and control addresses. More suicide than control measure­
ments were above the median (278 suicides, 232 controls, p < 0.01) 
and the mean value of measured MFforthe suicide address (0.087 |iT) 
was significantly higher than thatof the controls (0.071 |iT) (p <0.05). 
Socio-economic factors did not seem to account for this difference.
McDowall (61) followed up 8000 persons in England who were 
living within 30metersofelectric transmission facilities in 1971. The 
subjects were traced to 1983 and death certificates were obtained 
from national records. He found an SMR of 75 (8 observed, Cl 32- 
147) for suicide (5) and “undetermined” deaths (3) combined For 
those cases residing within 15 meters of the lines, the SMR was 143 
(2 observed, Cl 16-516). This study does not provide support for an 
association between EMF and suicide.
Baris (62) examined mortality from suicide in men with occupations 
likely to have resulted in exposure to electric and magnetic fields, 
using the British occupational mortality data from 2 independent 
decennial supplements (1970-72 and 1979-83). Except for an 
excessive PMR of256 (Cl 123-471) for telegraph radio operators and 
153 (Cl 92-239) for radio and radar mechanics in the 1970-72 
supplement, no other excess was noted in potentially exposed occu­
pations, even the most exposed ones.
In summary, the evidence linking suicide to EMF exposure is thin. It 
stems mostly from Reichmanis (59) and Peny’s (60) studies. However, 
the counter evidence from McDowall (61) and Baris (62) is not convinc­
ing either. In light of recent experimental studies supporting a plausible 
biological mechanism through hormonal (melatonine) system, depres­
sion and suicide resulting from exposure to EMF remain timely issues.
CONCLUSIONS
With regard to health consequences from exposure to EMF in the 
working environment, three concerns have been addressed with 
some consistency by epidemiologists: cancer, reproduction and 
neuropsychological effects. Of the three, cancer is the one that has
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raised the most interest Leukemia, brain cancer and recently breast 
cancer are three sites where excess risks have been reported among 
workers engaged in “electrical occupations.** Skin melanoma has 
also been in excess but it is believed to be reflective of a higher socio­
economic status of electrical workers. Almost all “electrical occupa­
tions” have shown excesses of one cancer or another but no consistent 
observation has allowed firm conclusions. The size of the excess risk 
noted so far may seem small but it is to be regarded seriously in view 
of the poor estimates of exposure used. The real agent responsible for 
the excesses of cancer observed in “electrical occupations” may be 
something other than EMF (referred to as confounders by many 
authors), such as chemical exposures, but this has yet to be demon­
strated.
Suspicion was raised of a potential effect of EMF on reproduction. 
Myriads of end points have been looked at They encompassed 
outcomes of pregnancy, male infertility, and childhood cancer result­
ing from parental exposure. Manyobservationshave yielded positive 
results. Unfortunately, they stemmed from few and most often from 
a unique observation and they still need to be confirmed. One of the 
most disturbing observation is a potential excess of brain cancer 
among children of parents exposed to EMF during pregnancy.
No neuropsychological effects have been reported among exposed 
workers. It even was observed that electrical workers performed 
better on psychological tests. The issues of depression and suicide 
remain open to more investigation. Sleep pattern should be studied in 
relation to EMF exposure.
In his critical review of the evidence on low frequency electromag­
netic fields and leukemia, Cartwright (63) has referred to it as the 
“saga so far” and has predicted that the whole issue of adverse health 
effects of EMF with respect to leukemia, will end, after “many more 
years of speculation” as having been a dreadful scarecrow. He may 
be right, with respect to EMF being the causal agent of the cancer 
excess noted, but one cannot help from recognizing that the evidence 
points toward the existence of one carcinogenic factor in “electrical 
occupations and/or environment”
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OCCUPATIONAL EXPOSURE ASSESSM ENT 
FOR ELECTRIC AND MAGNETIC FIELDS IN 
THE 10-1000 Hz FREQUENCY RANGE
INTRODUCTION
Exposure assessment is the determination or estimate of the magni­
tude, frequency of occurrence and rate of exposure for an individual 
or group to an agent in the environment The agents of interest in this 
case are electric and magnetic fields (EMF) in the extremely low 
frequency (ELF) range of 10-1000 Hz. There is increasing concern 
that exposure to ELF electric and magnetic fields may be associated 
with biologic and health effects. This concern has prompted numer­
ous measurement projects and the development of instrumentation, 
methodologies, and exposure models: all directed at exposure 
assessment for EMF. The purpose of this paper is to review the status 
of EMF exposure assessment research and to identify remaining 
issues as they relate to occupational exposures. During this period of 
active research on EMF exposures it is difficult to keep abreast of the 
results and ramifications of all ongoing and recently completed 
projects. Rather than serve as a comprehensive catalog of research 
and results, this paper draws on past and recent results to emphasize 
the unique aspects of EMF exposures and to highlight research needs.
Characteristics of EMF
Power frequency electric and magnetic fields (EMF) are present 
wherever electricity is being generated, transmitted or used Electric 
fields are related to the voltage (potential difference between two 
points) on the electric conductors, while magnetic fields are produced 
by currents (movement of charges in the conductors). Fields are 
vector quantities characterized by a magnitude, direction, and fre­
quency. The frequency of the fields is determined by the frequency 
of the source. Electric systems operate such that the magnitude and
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direction of both voltage and current alternate over tune. The power 
systems in the U.S., Canada and Mexico operate at 60 Hz (cycles per 
second), while 50 Hz is used elsewhere, including Europe. Helds at 
other frequencies arise when other power frequencies are used in 
special equipment or when nonlinear characteristics in electrical 
devices generate harmonics.
The magnitude of the electric field is directly related to the voltage of 
the source. Sincevoltagesonfieldsourcesremainrelatively constant, 
electric field levels vary from location to location in a predictable 
manner, but remain essentially constant over time. Electric fields are 
measured in units of volts/meter (V/m) or kilovolts/meter (kV/m).
Currents within an electrical system or used by equipment vary 
widely and frequently experience instantaneous, hourly, daily or 
seasonal variability. Magnetic fields, which are directly related to 
current levels, are highly variable not only from location to location 
but also over time at the same location. Magnetic fields are com­
monly expressed in units of tesla (T) or microtesla (|iT). A common 
unit for magnetic field that has been used historically is the gauss (G) 
or milligauss (mG) where 1G is 10r^T or 1 mG = 0.1 |iT. (Techni­
cally, the magnetic field or H-field is expressed in units of ampere/m 
(A/m) and the magnetic flux density or B-field is given in terms of 
tesla (T). Forpurposes of this paper, the term “magnetic field” refers 
to the B-field or magnetic flux density and is expressed in gauss or 
milligauss.)
Special Considerations for EMF Exposure Assessm ent
Although there is a systematic approach to exposure assessment (1), 
each environmental agent can present unique problems and ELF 
fields are no exception. There are numerous factors that make 
exposure assessment for ELF electric and magnetic fields complex 
and difficult
ELF fields are not detectable by humans at levels found in most 
environments, making indirect assessments of exposure through 
questionnaires, or other means problematic.
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EMF exposure situations are not memorable with the exception of 
electric blanket use and certain occupational settings. High exposure 
situations are generally fleeting and localized with little or no 
recognition of the event by the exposed party.
The lack of accepted definitions oi exposure and dose for EMF leads 
to uncertainty in what to measure. Defining dose requites an 
understanding of the mechanism by which the agentinteracts with the 
human body. For EMF, there is no widely accepted, demonstrable 
mechanism for this interaction. Consequently there is no accepted 
definition of dose for EMF. Even characterization of physical 
exposure is difficult Without a known mechanism there is no 
guidance as to what attribute of the field should be measured: 
magnitude, frequency, variation, maximum, etc.
Unlike most other environmental agents, everyone is exposed to 
EMF to some degree. The presence of these fields in all environments 
where electric power is used makes exposure pervasive and com­
pounds the difficulty of defining unexposed subjects.
Variety in the extent and magnitude of fields from different sources 
produces large spatial variations in field levels. For example, in 
occupational settings, magnetic fields can range from levels above 
100 mG near electrical equipment to less than 1 mG in adjacent office 
areas. Such variation dictates caution in the selection of monitoring 
location and in the use of measurements to characterize EMF fields 
in a space.
Perturbation and shielding of thefields make consistent andmeaning- 
ful measurements of electric field exposure difficult
Magnetic fields can have substantial temporal variability as a func­
tion of power use in and around the environment under study. 
Equipment may be operated intermittently during the work day. 
There may be weekly, monthly or other seasonal patterns of use as 
well as long term changes associated with altered work practices and 
technologies. This variation of fields over time complicates the 
assignment and measurement of exposure.
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The nature of many jobs requires workers to spend time near one or 
more pieces of electrical equipment on a sporadic basis. Conse­
quently, the uncertainty introduced by source variation is com­
pounded by subject movement and activity.
All of these factors make the assignment of contemporary, let alone 
retrospective, EMF exposure even more difficult than for many other 
environmental agents.
STATE OF KNOWLEDGE
Exposure assessments for ELF fields have utilized point-in-time and 
long term measurements, in specific locations, personal exposure 
measurements and surrogates. With the exception of electric utility 
environments, many of the electric and magnetic field measurements 
have been anecdotal. Exposure data that are now becoming available 
indicate that EMF exposures, even within an occupation, are diverse 
and that measurements made at only a few locations or with a few 
individuals will not be sufficient to accurately characterize the 
exposure of a group. The paucity of extensive data at power 
frequencies in occupations other than those associated with utilities 
and at other frequencies for all occupations can be attributed to the 
relatively recent interest in ELF fields as an environmental agent and 
also to the lack of any clearly demonstrable health effects.
Initial interest in ELF exposures centered on electric fields at power 
frequencies because of the relatively high levels of these fields near 
elec trie transmission facilities and because there are perceivable short 
term effects from electric fields. However, interest now has shifted 
to magnetic field exposures at power and other frequencies because 




Characterization of electric fields in the work environment has been 
mainly limited to the utility industry. Except for those relatively few 
occupations where high voltage sources are prevalent, electric fields 
encountered in the workplace have been shown to be similar to 
residential and non-work exposures.
Environment and Source Characterization
i l l  Research (2) measured electric fields in 14commercial andretail 
locations in rural Wisconsin and Michigan. The average electric field 
was 4.8 V/m with a standard deviation of 4.3 V/m. Median electric 
field was about 3.4 V/m These values are about one third the values 
in residences reported in die same study. Power-frequency electric 
fields near video display terminals (VDT) are about 10 V/m, similar 
to other appliances (3). However, fields near VDTs are very depen­
dent on the manufacturer and are being reduced in response to 
increasing public concerns and regulations in Sweden and elsewhere.
Electric fields in areas of occupational exposure near high voltage 
power transmission facilities have been thoroughly investigated 
Levels of unperturbed electric field depend on die voltage class of the 
equipment, proximity to energized conductors, the presence of 
conducting objects, and distance above the ground Typical maxi­
mum values for various installations at different system voltages are 
given in Table 1 and indicate the maximum 60-Hz electric fields in 
an occupational setting. The levels reported in a survey of utilities in 
21 countries areconsistentwith measurements in U.S. facilities(4,5). 
The range of fields in a high-voltage substation or similar facility is 
very great and a simple exposure metric cannot characterize the 
fields. For example, in a substation, the electric fields in most areas 
are considerably reduced from the maximum levels shown in Table 1.
Other occupations besides utility workers that are associated with the 
proximity to electrical equipment have been assigned electric and 
magnetic field exposure in various epidemiologic studies. However, 
until recently there has been a paucity of actual field or exposure 
measurements for these so-called “electrical worker7* categories (6,
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7) Bowman et aL performed electric and magnetic field measurements 
at 114 work sites coiresponding to the “electrical worker” occupations 
that have been presumed to have elevated electric and magnetic field 
exposures in epidemiologic studies. In this study one or two 
measurements were taken near the worker and arithmetically aver­
aged to produce a field value for each site. The geometric mean field 
measured for 67 “electrical worker” environments was 4.6 V/m while 
measurements in the work areas of four secretaries indicated fields in 
the range of 2 to 5 V/m. Certain environments related to electrical 
work did exhibit higher electric field levels: overhead lines for power 
line workers (n=2), 160 V/m; transmission (n=3) and distribution 
(n=3) substations for power station operators, 298 V/m and 72 V/m, 
respectively; and repair shops for radio and TV repairers (n=l 1), 45 
V/m. Electric fields associated with other “electrical worker” envi­
ronments were found to be comparable with office or residential 
levels.
Table 1
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Stuchly and Lecuyer (8) measured 60 Hz electric fields near arc 
welders and found them to be very low (< 1 V/m) in most cases. The 
highest electric field at an operator location was 300 V/m for one 
device. All others produced fields less than 100 V/m with most less 
than 1 V/m.
Personal measurements of electric field exposure during the Electric 
Power Research Institute's (EPRI) EMDEX Project Occupational 
S tudy were collected in eight work and three non-work environments 
and can be considered as indicative of the area where they were 
recorded subject to limitations discussed below (9). The results are 
shown in Table 2. The measurements in each environment were 
analyzed in two ways: first as individual measurements aggregated 
over all periods in each environment, and second as “partition” 
means, defined as the arithmetic average of all measurements during 
a contiguous period in the environment For example, for the 
transmission line environment there were 296,892 individual 
measurements of electric field recorded during 364 partitions or 
periods in that environment As expected the transmission line, 
distribution line and substation environments have the highest 
measured electric fields with measurements in the office and shop 
work environments characterized by lower fields. The electric field 
measurements used to characterize the environments were collected 
with personal exposure meters and are limited in their interpretation 
as discussed in a subsequent section. As with other measurements 
made during the EMDEX Project, the distribution of electric field 
measurements within the environments is highly skewed and not 
adequately described by any single statistical descriptor.
Because of different methodologies, it is not possible to compare the 
area measurements of Bowman etal. (7) for arelatively small number 
of sites with the environmental characterizations provided by the 
personal exposure measurements of the EMDEX Project However, 
the two investigations are consistent in confirming those environ­
ments where high electric fields are present and in indicating a large 
disparity in fields between these environments and other work 
environments.
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Table 2
Electric Field Distribution for Environments in kV/m: 
a) by partition mean; b) by all measurements
a) by Partition Mean
E lectric P artition Means by Environm ent
Occupied geo
Environment n min 5% 25% 50% 75% 95% max mean mean
Generation 729 0.001 0.002 0.003 OjOQ5 0.008 0.021 0.595 0.009 0X306
Transmission 364 0.001 0.003 0XX)6 0.026 0.173 1.897 11.534 0410 0jQ35
Distribution 736 0.001 0.002 0.004 0X108 0.032 0/437 2.761 0.076 0j014
Substation 1325 0.001 0.002 0.007 0jQ20 0j066 0351 10261 0.098 0:023
Office 1571 0.001 0.002 0.003 0:004 0j007 0X315 0.064 0.006 0:005
Shop 1052 0.001 0X01 0X103 0X104 0.007 0X)15 0.146 0.006 0X05
Travel 3687 0.001 0X01 0X03 0XXM 0.007 0X)18 0.473 0.007 0j005
Other 1057 0.001 0.001 0XXX3 0X05 0.006 0X124 0.791 OjOIO OjOQ5
Home 1395 0.001 0X502 0X304 0XXT7 0.011 0X122 0.183 0X109 0XKJ7
Travel (network) 2067 0X01 0X»1 0.003 OXXM 0.006 0X)13 0319 0.005 0XXM 
Other (non woric) 653 0.001 0X01 0.003 OXXM 0.006 0XJ22 1.872 QX)15 0X105
b) by 10-Second Measurement distributions
Electric 10-Second Measurements by Environment
Occupied geo
Environment n min 5% 25% 50% 75% 95% max mean mean
Generation 998092 0.001 0X101 0X»1 0X103 0X105 0.018 29.174 0X108 0X104
Transmission 296892 0X»1 0.001 0X103 0.005 0X129 1.718 78.524 0.444 0.011
Distribution 552040 0X101 0X101 0XJ03 0.003 0X)12 0.272 29.854 0X174 0.006
Substation 1069854 0X101 0X101 0X103 0X105 0X)16 0335 45.186 0.115 0.007
Office 1091882 0X101 0X101 0X303 0X103 0X105 0X)16 3350 0X106 0X103
Shop 629312 0X101 0X101 0X101 0.003 0X105 0X)18 2.723 0X306 0.004
Travel 1056530 0X301 0X301 0X101 0.003 0X105 0XJ18 7.674 0.007 0.003
Other 418614 0X101 0X101 0X103 0X103 0X108 0X125 10351 0X)12 0X104
Home 1371725 0X101 0X101 0X103 0X105 0X)10 0X127 3.199 0X109 0X105
Travel (nonwofk)523377 0X101 0X101 0X301 0X303 0X305 0.014 3428 0X306 0.003 
Other (nonwoik) 333143 0X01 0X101 0X301 0X103 0XB8 0.018 4.842 0007 0X104 
Bracken. 1990 (9)
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Personal Exposure Measurements
Measurements made with a conducting vest as a sensor for a personal 
exposure meter yielded average equivalent fields of 3.7 and 5.7 V/m 
for grocery or other stores and shopping malls, respectively (10). 
Electric field exposures for farming near transmission lines were also 
investigated using the vest (10). Although large electric fields are 
expected on the right-of-way, the actual time spent in such fields is 
small. For example, Silva estimated that a 345-kV line with a 
maximum field of 4.3 kV/m contributes approximately 80 hours per 
year of exposure in fields above domestic levels (50 V/m). In other 
words, farmers can experience the peak levels found under transmis­
sion lines, but do so only a very small proportion of the time. Modem 
mechanized equipment with enclosed cabs can also reduce electric 
field exposures substantially.
Exposure measurements made on high-voltage utility workers in 
several studies indicate that very litde time is spent in fields above 1 
kV/m. Bracken (11) found that the median time above 0.4 kV/m was 
only 13 minutes per day for Bonneville Power Administration 
workers near 500-kV equipment For lower voltages, the median 
time above this threshold field was reduced correspondingly. In this 
study 295 utility employees wore a small exposure meter and 
generated 3098 days of exposure data. Measured exposures of 47 
electrical workers over 319 days in the United Kingdom showed that 
the median time spent in fields greater than 0.4 kV/m was about 6 
minutes per day or less for all job categories except linemen, who 
spent a median time of about 9 minutes per day above 0.4kV/m (12). 
On average for these workers, 2.1 minutes per day or less was spent 
in fields greater than 4.5 kV/m. The two studies were consistent in 
their measurements of overall exposure, in associating higher fields 
with higher voltages and in emphasizing the relatively small amount 
of time spent in the maximum fields cited in Table 1. However, even 
with this small portion of time spent in higher fields, the electric fields 
that high-voltage workers encounter are definitely discernible from 
those encounteredin an office environment Time-integrated exposures 
for the high-voltage workers in the BP A study were two to three orders of 
magnitude greater than bi a control group waking inside an office (11).
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Using a small 60-Hz dosimeter, Deadman et al. (13) measured 
occupational exposures over a one week period for 20 utility workers 
and 16 office workers. The geometric mean of the time integrated 
weekly exposures during work for the 20 utility workers was 48.3 V/ 
m compared to 4.9 V/m few the office woikers. The transmission 
lineman (n=2,420V/m) had the highest geometric mean exposures. 
These results are consistent with the previous studies that used less 
sophisticated instrumentation.
Electric field exposure data were collected for 998 electric utility 
employee volunteers during 2082 workdays as a part of the EPRI 
EMDEX Project (9). Absolute field levels cannot be placed on the 
resulting exposures because of limitations in the interpretation of 
recorded data. However, relative comparisons between job classifi­
cations can be made as shown in Figure 1. Because the sample of 
utility workers was not drawn randomly these results must only be 
considered suggestive of the industry as a whole.
As with the earlier studies, the electrical occupations of line worker, 
substation operator and utility electrician, all of whom work near 
energized high voltage equipment, showed the highest exposures. 
Utility occupations associated with generation facilities did not 
exhibitreladvelyhighelectricfieldexposures. Figure 1 also indicates 
that among those with high electric field exposures the distribution of 
workday exposures is highly skewed The arithmetic mean of these 
distributions can be strongly influenced by a few high exposure days, 
and thus, may not be an appropriate indicator of central tendency for 
the group as a whole.
Magnetic Reids
Information on occupational exposures to 60-Hz magnetic fields has 
increased substantially over the past few years. Initial measurements 
took the form of point-in-time measurements near specific sources or 
in general work environments. However, with the advent of more 
sophisticated computer-based instrumentation and heightened inter­
est in magnetic fields, the amount of data has increased substantially.
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Figure 1. Distributions of electric field workday means by job 
classification. Arithmetic means can be dependent on a few high 
values and thus may not be indicative of values for the group as a 
whole.
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Environment and Source Characterization
Magnetic fields measured in 14 commercial and retail locations in 
rural Wisconsin and Michigan had a mean value of 1.1 mG (SD=2.0 
mG) (2). Stuchly et al. (14) reported levels of 0.5 and 1.25 mG in a 
Canadian office and laboratory, respectively. In the same study, 60- 
Hz magnetic field levels 0.3 m in front of VDTs ranged from 1.5 to 
7 mG. (A color television had a measured field of 12.5 mGat0.3 nx) 
Measurements near seven VDTs indicated a range of 2.5 to 4.4 mG 
at0.3mfrom the terminals (15). As with electric fields, the fields near 
VDTs are very dependent on manufacturer and are being reduced by 
many manufacturers in newer models.
Lovsund et al. (16) surveyed magnetic fields in the electro-steel and 
welding industries in Sweden. Steel production with electric furnaces 
resulted in 50-Hz fields of from 1 to 100 Gin work areas. Fields near 
50-Hz welding machines exhibited a similar range of values.
S tuchly and Lecuyer (17) measured magnetic fields near76 induction 
furnaces, 13 of which operated at frequencies below 1000 Hz. The 
average operator exposure for all 13 of these units exceeded 29 mG 
with a high of over 1 G. Given the distribution of operating 
frequencies for these units, induction furnaces are definitely a poten­
tial source of ELF exposures at other frequencies than the power 
frequency. Stuchly and Lecuyer (8) measured electric and magnetic 
fields at 60 Hz and its harmonics near 22 arc welders. Magnetic flux 
densities at sue locations on the body of the welder averaged afew tens 
of mG with a range of 5 mG to 4.4 G. They cited welding machines 
as a likely source of high occupational magnetic field exposures. 
Mostof the welders had the highest fields at 60 Hz but some produced 
the strongest fields at 120 and 180 Hz. Typical use of an arc welder 
entails having a current carrying cable very near the body which can 
cause very high localized fields.
Electrically powered vehicles are also a potential source of non­
power frequency magnetic field exposures in work environments. 
Magnetic fields associated with an electric traction railway in Ger­
many were reported by Paul et al. (18). The 16.67 Hz fields on a
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platform directly above the contact wire for the vehicle were in the 
range of 100-200 mG when a train passed. Preliminary results of an 
extensive set of measurements on and near an experimental Maglev 
vehicle in Germany have been reported by Cummings and Robertson 
(19). At the floor of the vehicle the magnetic fields are in the range 
of 100-300mG while at head height they have diminished to less than 
10 mG. The frequency of the fields is determined by the excitation 
frequency for the train which is dependent on vehicle speed
Stuchly (14) in a review of human exposure to static and time-varying 
magnetic fields cited several measurements near electric transmission 
facilities. Four Canadian generating stations exhibited localized 
magnetic fields of 2.7 G with typical levels ten times lower. In six 
Canadian substations, maximum fields were in the range of 50 to 180 
mG with typical levels of 10 to 50 mG. Helds of 1 to 120 G were 
reported for locations of possible worker occupation in generating 
plants in the Federal Republic of Germany. The same study also 
estimated magnetic fields above a superconducting cable carrying 13 
kA were 1.4 G and .45 G for burial depths of 0.75 and 1.4 m, 
respectively. Bracken (20) reported magnetic field measurements 
along an inspection route in a230kV substation of up to 200 mG with 
a mean of about 40 mG.
More extensive occupational environment magnetic field measure­
ments have been reported by Bowman et al. (7). The geometric mean 
field from 105 magnetic field measurements at “electrical worker” 
job locations was 5.0 mG. “Electrical worker” environments that 
showed elevated magnetic field levels (i.e., geometric mean greater 
than 20 mG) were: near industrial power supply for an electrician 
(n=l), 103 mG; near underground (n=3) and overhead (n=2) lines for 
powerline workers, 57 and 42 mG, respectively; near ac welding 
machines for welders (n=4), 41 mG; in transmission (n=3) and 
distribution (n=3) stations for power station operators, 39 and 29 mG, 
respectively; and near sputtering systems for electronic assemblers 
(n=l), 24 mG.
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For secretaries in die same Bowman study the geometric mean field 
was 3.1 mG for those using video display terminals (n=6) and 1.1 mG 
for those not using VDT’s (n=3).
From the limited measurements of Bowman et al. (7), it is clear that 
elevated magnetic field levels are found in occupational settings both 
inside and outside the electric utility industry. They also demonstrate 
that there are some “electrical worker” environments where magnetic 
field levels are comparable with the lower fields found in the 
residential or office environment
Classification of magnetic field personal exposure measurements 
made during the EMDEX Project according to the environment in 
which they were recorded produces the results shown in Table 3 (9). 
As with electric fields, magnetic fields in this study were highest in 
utility-specific environments. In addition to the transmission line, 
distribution line and substation environments noted for higher elec­
tric fields, the generation facility environment also exhibited elevated 
magnetic fields relative to other occupational environments.
Sources of fields in the office environment which have been identi­
fied but not formally documented are electrical distribution trans­
formers and wiring in vaults that are located inside large office 
buildings directly below work areas. For large heating, cooling and 
lighting loads these circuits can carry large currents resulting in 
relatively high 60 Hz fields (>100 mG) in the space directly above the 
vault Such fields are often manifested by interference with VDTs (18).
Personal Exposure Measurements
The availability of small personal exposure meters has resulted in 
several investigations of occupational magnetic field exposure. In a 
Canadian study, the geometric mean of the time-weighted average of 
the weekly work exposure of 20 utility workers was 16.6 mG 
compared to 1.6mGfor 16 office workers (13). The geometric mean 
field for the office exposures was comparable to that observed during 
non-work periods for office workers and comparable to that for both 
groups during sleep when the exposure met»' was not worn. Utility
Exposure Assessments—T. Dan Bracken, Ph.D.
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workers in all six of the job categories sampled showed elevated fields 
compared to a group of office workers. Transmission apparatus 
electricians (n=3) showed the highest geometric mean exposures, 34 
mG. Given that personal exposure measurements tend to be lower 
than point-in-time measurements and the small numbers of samples 
involved, the results for the personal exposure measurements (13) 
and the area measurements (7) appear to be consistent although 
hardly conclusive.
Bracken (20) estimated the average field for eight transmission 
substation-operator workdays to be 6 mG based on measurements 
with a single-axis magnetic field exposure meter. This level was five 
to six times greater than the average field estimated for 9 office- 
worker days in the same study.
The results of personal exposure measurements of magnetic field in 
the EMDEX Project Occupational Study for 1882 utility woiker 
volunteers during 4411 workdays are shown in Figure 2 (9). The jobs 
associated with utility operations (Jobs 10-14) generally have higher 
exposures than other occupations. This is most pronounced when the 
75th and 95th percentiles of the workday means are compared In 
general, the most highly exposed Job Classifications in Figure 2 
appear to be substation operators and utility electricians.
The higher exposures for utility-specific occupations are also 
manifest in the analysis of measurements in occupied environments 
(Table 3). The tendency for higher exposures in utility-related work 
environments is true regardless of measure considered (measure­
ments, partition mean or workday mean) and regardless of metric 
examined (median, arithmetic mean or geometric mean). Although 
certain combinations of measure and metric exhibit this pattern more 
dramatically than others, the utility-specific categories tend to be 
higher than their counterparts for all indices. In a study of telephone 
worker exposures, Breysse et al. (21) have also examined exposure 
rank among various telephone worker groups as a function of 
exposure index.
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Figure 2. Distributions of magnetic Held workday means for job 
classifications. Arithmetic mean values can be dependent on a few 
very high readings and thus may not be indicative of measures for the 
group as a whole.
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The appropriate choice of metric and summary measure is not clear 
for EMF exposures.
In the EMDEX Project Occupational Study, the arithmetic mean was 
used to express daily exposure for volunteers because it has a definite 
physical meaning: the time averaged exposure for an individual for 
aday. However, whichever metric and summary measure is selected 
for exposure data, it is clear that distributions of the quantity will be 
skewed
Table 3
Magnetic Field Distributions for Environments in mG 
a) by Partition Mean; by All Measurements
a) by Partition Mean
Magnetic Partition Means fay Environment
Occupied std geo geo
Environment n min 5% 25% 50% 75% 95% max mean dev mean std
______________________________________________________________ dev
Generation 1814009 051 1.28 2.63 7.W 3734 1973.99 13.17 75.51 325 3.86
Transmission 712 015 035 1.87 5.981542 61.62 63056 18.22 50.82 5.44 4.77
Distribution 1771 0X39 026 066 1.58 6.11 63.68 14386.52 2456 35049 231 555
Substation 23600X9 1X9 457105622X6 63.11 2658243 54.80 886.70 9.87 357
Office 3803 0X9 030 059 098 1.76 5X5 274.79 1.81 626 1X7 239
Shop 2243 OlO 030 067 1.15 2.16 5.68 24453 245 9.81 123 260
Travel 7618 009 046 086 132 2.16 6X2 21474.04 5.46 247X8 144 225
Other 2328 0X9 025 059 1.11 243 1097 194448 425 43.09 126 320
Home 3307 0X9 021 044 073 133 4X1 489.72 1.63 1003 081 251
Travel (nonwoik)47900.13 045 085 1.18 1.67 343 388X0 1.61 5.96 121 1.88
Other (nonworic) 1494 0.09 023 053 0.88 1.62 5X3 4357 156 255 096 249
b)by lO-SecoodMeasuitmentDstributions
Magnetic 10-Second Measurements by Environment
Occupied std geo geo
Environment n mn 5% 25% 50% 75% 95% max mean dev mean std
dev
Generation 2365435 0.09 022 057 124 351 26.61 42169.65 835 117X4 155 429
Transmission 5242750X9 017 060 17911X9 5L88 367282 15.70 5949 173 622
Distribution 12386120X9 017 038 097 359 63.83 43151.91 473884156 141 659
Substation 1753215 009 045 237 7X01758 5957 42169.65 3443 62949 6.17 445
Office 2690502 009 017 043 075 146 5.96 25409.73 2X7 83.61 082 284
Shop 1367358 0X9 017 045 088 2X2 6.84 34276.78 2.87 55.67 0.98 3.15
Travel 2066525 009 017 041 079 1.76 7.16 3672823 3.09 139X2 0.88 3.14
Other 879383009 017 038 079 157 944 25409.73 346 91X6 0.93 355
Home 3320924009 017 033 061 122 432 3427.68 147 8.73 065 290
Trvl(nonwik)l165844 0.09 017 038 073 146 4.73 3845.92 156 11.67 077 286
Othi(nonwik) 701983 009 017 036 061 127 5.19 101158 136 324 068 291
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The skewness of exposures and measurements within a group is 
demonstrated in Figure 3. The distributions of workday mean 
exposure and of all measurements collected by volunteers primarily 
assigned to transmission line environments are shown. These 
distributions range over several orders of magnitude with most values 
at low fields. The variability of magnetic field exposure experienced
a) All measurements
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Figure 3. Distributions of magnetic field exposure measurements for 
workers with transmission lines as a primary work environment: 
a) all measurements n=l,209,371; b) workday means n = 357 
days.
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by a DC arc welder during a single workday is displayed in Figure 4. 
The magnetic field was recorded by an EMDEX worn at the waist of 
a DC welder operator. Thus, there is a large range of exposures 
experienced within a day, and even collapsing these measurements 
into daily means does not eliminate the large range of exposures 
exhibited by individuals within groups. The skewness of the distri­
butions of exposure measures raises interesting questions as far as 
presentation and summarization and also has far reaching implica­
tions for study design. In particular care must be taken to acquire an 
adequate and diverse sample for estimating ELF exposures.
1000 r ■ .....  i
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Figure 4. 60 Hz magnetic field exposure measurements for DC 
welder during workday
Besides indicating the skewness of exposure distributions, the large 
number of exposure days in the EMDEX study also provided 
estimates of variance which can be used to determine sample sizes for 
future exposure assessment studies (9). For example, the number of 
measurement days required to estimate a single generation facility 
worker’s workday mean exposure to within 5 mG is 29 days; the 
number of subjects (with 2 days of measurements) required to 
estimate the workday mean to within 2 mG (5 mG) for generation 
facility workers is 239 or (39) volunteers.
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Instrumentation
Instrumentation for exposure assessment varies with the type of 
measurementproposed Forpoint-in-time measurements and source 
characterization, survey meters are indispensable. They need to be 
portable, easy to read and reasonably accurate. For personal exposure 
assessment, light weight and durability are essential For long-term 
measurements at a specific location of field variability, stationary 
recording systems can benefit from multi-sensor capability to simul­
taneously monitor fields and other parameters in many areas.
Electric field survey meters for area measurements related to expo­
sure assessment are usually of the free-body type (22). The meters are 
suspended in free space by means of an insulated handle and the 
current induced between two electrodes (usually the case of the 
instrument) is detected and visually read by means of an analog or 
digital display. For accurate readings of the electric field, it is 
necessary to keep the meter away from the observer and other 
conducting objects. Although some commercially available meters 
have band widths of several hundred Hz, they have been designed 
primarily for use at power frequencies and their harmonics. Measure­
ments over the entire frequency range from 10-1000 Hz require 
custom instrumentation.
There are numerous hand held magnetic field meters commercially 
available which can be used for characterizing sources and making 
point-in-time measurements. Survey meters and personal exposure 
instruments and survey meters for magnetic field were evaluated and 
compared at a recent workshop held under the auspices of the IEEE 
AC Fields Working Group (23).
A personal computer-based measurement system has been devel­
oped under EPRI sponsorship that is capable of capturing and 
analyzing wave forms in the ELF frequency range (24). This type of 
device, although not portable, does allow recording of data at several 
locations through the use of multiple probes. Although developed 
primarily for analyzing magnetic fields, the spectral content of 
electric fields can also be characterized
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Several small personal exposure meters have been developed for 
measurement of electric and magnetic field exposures (13,25,26, 
27). For electric field exposures, these devices, like their survey meter 
counterparts, sense (he electric-field induced current between two 
conducting surfaces. The induced current is proportional to the 
incident electric field and is recorded in one of several ways to serve 
as a measure of exposure. Magnetic fields are sensed with single or 
multiple coils that generate a voltage proportional to the instanta­
neous magnetic field. In the case of multiple orthogonal coils, the 
resultant magnetic field is computed from the square root of the sum 
of the squares of the fields from the three coils, or with one prototype 
device, as a true rms superposition of the field components.
Meters that are currently being used in exposure studies employ either 
microprocessor-based data storage of the fields three orthogonal 
components (13,27) or a simple device that integrates the induced 
current (E-field) or voltage (B-field) over the period the device is 
worn to produce a single value of time integrated exposure (25,28).
The EPRI-funded EMDEX (Electric and Magnetic Field digital 
Exposure) meter is capable of monitoring and recording electric and 
magnetic field exposures for extended times (27). The data are stored 
in the memory of an on-board computer and can be down loaded to 
a personal computer for viewing and analysis. The EMDEX mea­
sures about 15x10x4 cm, has a mass of about 0.45 kg, and is usually 
worn in a belt-mounted pouch around the waist The device measures 
magnetic fields up to 25,000 mG and electric fields up to 500 kV/m. 
The band width of the EMDEX is 40-400 Hz.
A second version of the EMDEX which is currently in production will 
measure the maximum as opposed to the resultant field and have the 
capability to measure harmonics up to 1000 Hz. (28).
Similar in function to the EMDEX is the “ElectroMagnetic Dosim­
eter” originally developed at the Institute de Recherche d’Hydro- 
Québec (IREQ) and now available commercially (13). This device 
measures andrecords five variables: electric field (50 or 60 Hz), three 
axes of magnetic field (50 or 60 Hz) and “electromagnetic distur­
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bances” (5-20 MHz). Measurements are classified in 16 amplitude 
bins along alogaiithmic scale covering 84db. The upper limit of field 
readings is 40 kV/m for the electric field and about 4000 mG for the 
magnetic field. The three magnetic field readings are combined into 
a single Inn for the resultant field prior to display and analysis.
The nature of electric fields introduces uncertainty in the electric field 
measurements made by any of these small exposure meters. The 
human body acts as a conductor and perturbs the electric field 
resultingin enhanced fields oncertainparts of the body and attenuated 
fields at other locations on the body. Consequently, the measurement 
of electric field is fraught with uncertainty— it depends strongly on 
where the meter is worn, the orientation of the meter with respect to 
the field source, and the presence of any conductors near the meter. 
There have been few investigations of the variability of electric field 
measurements between persons for the same exposure or between 
days for the same person. The low sensitivity of practical electric field 
meters combined with the generally low levels of electric field 
present result in most measurements felling within the lowest scales 
of possible readings. This restricts the ability to measure or describe 
differences in exposure. The conversion of electric field measure­
ments at the surface of the body to an equivalent unperturbed electric 
field is in most cases tenuous at best Each activity, and even each 
person, has a different conversion factor and there is no simply exact 
mechanism to determine a conversion value.
Because of these limitations, reported electric field values should be 
considered only approximately representative of actual unperturbed 
field values. It is more appropriate to use electric field exposure 
measurements for an instrument in a relative sense to compare 
exposuresbetween categories, ratherthan to suggest absolute field levels.
In an effort to overcome some of the shortcomings in measuring 
electric field exposures with exposure meters of small physical 
dimensions, a conducting vest was used as a sensor to investigate the 
effects of various activities on exposure measurements (29). How­
ever, there are practical constraints to a large scale deployment of 
such a device.
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Exposure Models and Surrogates
As with other environmental agents, direct measures of EMF expo­
sures are not always possible and it is necessary to use modeling or 
surrogates to estimate contemporary or retrospective exposures.
Modeling of fields and exposures can be used for several pur­
poses:
♦ To estimate fields/exposures for situations that have not 
been measured;
♦ To evaluate exposure surrogates; or
♦ To construct prior exposures based on current data.
To support the initial research interest in electric fields associated 
with transmission lines, computer models were developed to calcu­
late these fields. As interest in magnetic fields increased, computa­
tions of magnetic field were added. These models have been 
demonstrated to be accurate and useful because the geometry and 
currents of transmission lines are simple and the computations of 
electric and magnetic fields are well understood. Substations and 
electrical equipment are not as easily analyzed and attempts at 
computer calculations of fields from these sources for exposure 
assessment purposes are not tractable. Consequently, estimates of 
fields in most occupational environments must, of necessity, rely on 
measurements.
Because of the complex and variable nature of EMF exposure, there 
can be large differences in exposure during the course of a day, 
between days for an individual and between individuals within a 
particular job category. This suggests that accurate assignment of 
individual exposure through modeling may require time-activity 
modeling. In this approach it is necessary to consider the uncertain­
ties introduced by both the field measurements and the time estimates. 
Often the uncertainty in the latter overwhelms the precision of 
carefully documented field measurements. The need to carefully 
consider the allocation of time in various occupations is shown in
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Figure 5 where the fraction of the workday spent in various environ­
ments is shown for the job categories of the EMDEX Project 
(9). Although the utility worker categories of generation facility 
operate»: (Job 10) andlineman(Job 12) are both electrical workers, the 
generation worker spends over 90% of their time in the generation 
environment while the lineman spends 50% of their time in high 
exposure utility-specific areas and approximately 25% of their time 
traveling.
In examining occupational exposures it is also important to examine 
exposures in non-work environments encountered by the study of the 
population. Although occupational exposures are occasionally much 
higher than exposures encountered elsewhere, the contribution of 
para-occupational and residential exposures can be significant in 
many cases. Electric blanket use is one example of significant non- 
occupadonal exposure. For the EMDEX Project, the estimated 
relative contributions of work exposure to total time-integrated 
magnetic field exposure varied from 17% for clerical workers 
without a computer to 74% for substation operators (9). The expected 
contribution from work if all environments have equivalent fields is 
27%. Thus, models should account for all significant avenues of 
exposure appropriately.
Surrogates are parametric or non-parametric schemes that are used to 
estimate the exposure of an individual to fields. Surrogates can be 
used to provide information on past, present or future exposure 
estimates. Appropriate analyses, preferably supported by measure­
ments, link the surrogate to the exposure metric and provide the 
foundation for use of the surrogate. Surrogates that have been used 
for EMF occupational exposure measurements include job title, 
point-in-time measurements, and industry.
To date, one of the shortcomings of EMF exposure assessments has 
been the lack of confirming measurements for surrogates. There are, 
however, several research projects that are investigating methods 
other than personal exposure measurements for assigning exposure 
and that are verifying existing or proposed surrogate methodologies.
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The EMDEX Project analyses of electric and magnetic field expo­
sures by job category (Figures 1 and 2) indicated that certain job titles 
within the utility industry do experience higher exposures. Similarly,
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the investigation of exposures for traditional “electrical worker” job 
titles is indicating that electrical workers as a group do have higher 
exposures (30). In addition to personal exposure measurements, this 
study is also utilizing expert panels to determine the time spent in 
performing various tasks, walk through inspections with point-in- 
time measurements and area measurements at the work site. The time 
data will then be combined with area measurements to generate an 
exposure matrix for each job title. Loomis et al. (31) have compared 
the results of 8-hour personal exposure measurements for 134 utility 
workers with the exposure assignments made by a panel of experts on 
the basis of job title. There was agreement between the ranking of 
exposures as low, medium, and high by the panel and the measured 
values thus providing confidence in this method of assigning quali­
tative exposures.
Ongoing research
There is an active research effort on exposure assessment in the 
United States and other countries. Of 126 EMF research projects 
underway, approximately 15 are related to occupational exposures 
(32). The Electric Power Research Institute (EPRI) is the most active 
sponsor with five active projects that include an exposure assessment 
component These projects include: an assessment of magnetic and 
electric field exposure by job category (30); a study of telephone 
linemen to determine leukemia and other cancer risks from EMF 
(21); an electric and magnetic field measurement project for utilities, 
the EMDEX Project (33); an epidemiology study of utility workers 
(34); and an AC field exposure study that includes instrumentation 
development and modeling (28). Occupational exposure data from 
the EMDEX Project has just been released and the job category 
assessment and telephone workers study will be completed soon.
There is an exposure assessment component to a large utility worker 
epidemiology study being conducted jointly by Ontario Hydro, 
Hydro Quebec and E16ctricit£ de France. In this study, exposures will 
be measured using the IREQ developed personal dosimeter.
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Additional EMF occupational exposure assessment projects are 
underway in Canada, Finland, Netherlands, Sweden, Switzerland, 
United Kingdom and the United States. There is also an informal 
group of International EMF Research Managers which meets on an 
annual basis to exchange information on research planning.
SUMMARY
Over the past decade considerable data have been collected on 
electric and magnetic fields in occupational environments. These 
data have taken the form of area measurements, source 
characterizations, andpersonal exposure measurements. Occupational 
EMF levels are highly variable in space and time. Exposures 
associated with these fields exhibit similar large variations during a 
day, between days and between individuals within a group. The 
distribution of exposure measures are skewed over several decades 
with only a few values occurring at the maximum field levels. The 
skewness of exposure measures implies that large sample sizes may 
be required for assessments and that multiple statistical descriptors 
are preferred to describe individual and group exposures.
Except for the relatively few occupational settings where high 
voltage sources are prevalent, electric fields encountered in the 
workplace are probably similar to residential exposures. Conse­
quently, high electric field exposures are essentially limited to utility 
environments and occupations. Within the electric utility industry, it 
is definitely possible to identify occupations with high electric field 
exposures relative to those of office workers or other groups. The 
highly exposed utility occupations are linemen, substation operators 
and utility electricians. The distribution of electric field exposures in 
the utility worker population is very skewed even within a given 
occupation.
As with electric fields, magnetic fields in the workplace appear to be 
comparable with residential levels, unless a clearly defined high- 
current source is present Since high-current sources are more 
prevalent than high-voltage sources, environments with relatively
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high magnetic field exposures encompass a more diverse set of 
occupations than do those with high electric fields. Within the electric 
utility industry, it is possible to identify occupational environments 
with high magnetic field exposure relative to the office environment 
Utility job categories with the highest exposures are generation 
facility workers, substation operators, utility linemen and utility 
electricians. There are also higher exposures among traditional 
“electrical worker” job categories.
Outside the electrical utility industry, potential sources of high 
occupational magnetic field exposures at ELF are induction furnaces, 
welding machines, electrical transportation systems, and electrical 
distribution vaults. However, the use of low power electrical equip­
ment such as small motors in close proximity to workers and possibly 
for long periods of time could also lead to high exposure situations.
Hand held survey instruments are available to perform area measure­
ments at power frequencies but not at all frequencies within the ELF 
range. Sophisticated personal computer-based instruments are avail­
able to characterize areas and sources across the entire frequency 
range.
Personal exposure meters are commercially available for power 
frequencies and harmonics up to about500Hz. However, conversion 
of measurements with these devices to absolute electric field values 
is uncertain. The personal exposure meters, however, can be used to 
establish relative exposures between groups and individuals.
Exposure models and surrogates for EMF exposure are being devel­
oped and traditional exposure assessment methodologies such as job 
titles, time-activity analyses, and expert panels are being verified Job 
title appears to be an indicator of average exposure but because of 
variability, a complete job history is preferred to a single title for 
exposure characterization.
The international research effort on EMF includes exposure assess­
ment as well as laboratory and epidemiologic studies.
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OUTSTANDING ISSUES
Exposure Metric
Because scientists do not agree on a mechanism for the effects of EMF 
fields, die choice of the specific agent for exposure assessment 
remains somewhat arbitrary. Recent epidemiologic studies seem to 
indicate the importance of magnetic rather than electric fields. However, 
magnetic and electric fields are correlated and some of the interactions 
with biological systems are similar, making a distinction between the 
two difficult Laboratory research also indicates that effects may be 
frequency related. Further elucidation of mechanisms is needed 
before the appropriate choice of agent and, possibly, frequency is 
clear.
In order to perform an exposure assessment for an environmental 
agent, an operational definition for measuring the presence of die 
agent and exposure metric is required. To the extent practical, die 
exposure metric should be relevant to the effect of the agent on the 
receptor. For example, the concentration of lead in children’s blood 
would be a better exposure metric for childhood lead poisoning than 
the presence of lead paint in their homes. There are several possible 
exposure metrics for EMF exposure. Perhaps the most commonly 
used has been time-integrated field exposure expressed in terms of 
kV-hr/m or mG-hr or, equivalently, as an average field in kV/m or 
mG. However, because there has not been clear evidence of effects 
related to time integrated exposure, this metric may not be the most 
appropriate. Numerous other metrics arc possible (35).
Determination of an appropriate metric requires additional informa­
tion from research studies on the effects and interaction mechanisms 
of ELF fields. However, until direction is available from such 
research, sufficient exposure data must be obtained to allow charac­
terization in terms of several possible metrics. Identification of a 
comprehensive set of exposure metrics remains an issue for power 
frequencies and has not been addressed for other frequencies.
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Exposure Indices and Summary Measures
Even without research supporting an exposure metric coupled to 
effects, it is still possible to develop and investigate exposure indices 
in the form of summary measures of exposure data or categorical 
parameters- The choice of exposure index can affect data collection, 
analyses and interpretation of results. The lack of an accepted 
mechanism for effects and the nature of EMF fields both argue that 
the selection of a single summary statistic for characterizing exposure 
may not be appropriate. Ongoing projects are beginning to investi­
gate the relationship between various summary statistics and non- 
parametric indices as indicators of exposure (21).
The vast majority of occupational exposures, even among “exposed” 
groups, occurs at low field levels with relatively little time spent in 
high fields. In such distributions a few observations in the upper tail 
of the distribution can be very influential on the time-weighted 
(arithmetic) mean exposure. Thus, the arithmetic mean may not be 
a good indicator of central tendency for EMF exposures. Some 
research suggests that peak, rather than cumulative, exposures are of 
importance. If this is the case, time above a certain threshold might 
be a more appropriate summary measure. Obviously, choice of the 
threshold value would be crucial. Other hypothesized mechanisms 
could suggest other summary measures.
The uncertainty in identifying meaningful exposures and the skew­
ness of the distributions of measurements argue strongly for utilizing, 
or at least exploring, more than one parameter to characterize 
exposure. Establishing relationships between these measures and 
selecting an optimum set of parameters will require additional 
research.
Common Protocols
There are numerous reports regarding occupational electric and 
magnetic field exposure measurements. In addition there are several 
on-going exposure assessment projects or epidemiologic studies that
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include exposure assessment Unfortunately, no minimal set of 
common protocols has been established to facilitate comparison 
between studies or allow consolidation of their data. In an area with 
as much uncertainty as EMF exposure assessment, it is not desirable 
to establish a fixed exposure assessment protocol that would stifle 
research. On the other hand, there is a need for a basic set of 
measurements, analyses, and reports that could be used to link 
various investigations and facilitate comparison of levels and expo­
sures at various locations.
Historical Exposure Models
Given the uncertainties in ELF exposure assessment and measure* 
ments, the extrapolation of contemporary measurements to historical 
exposures is difficult Work is in progress to relate electric and 
magnetic field exposure to job category for electrical workers (36) 
and to establish the expert panel assessment as a means of determin­
ing EMF exposures (31). The results of these efforts should increase 
confidence in assigning historical exposures, especially among util­
ity workers. However, identifying, quantifying and/or modeling 
historical exposures for other occupations will remain difficult until 
considerably more data are gained on non-utility occupational envi­
ronments.
Database lor Non-utility Environments
Several large studies have recently been completed or are currently 
in progress which will provide extensive data on electric and mag­
netic fields in utility environments at power frequencies and some 
harmonics. However, with the possible exception of video display 
terminals, no other occupational environments have been character­
ized sufficiently to provide baseline electric and magnetic field data 
at the frequencies of interest Given the highly variable nature of ELF 
exposures, a carefully planned data collection effort will be required 
for a credible and cost-effective characterization of non-utility envi­
ronments.
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Scaling and Dose
Although exposure refers to the joint occurrence in space and time of 
a person and an environmental agent, it is important to recognize that 
exposure assessment, as defined here, is related to in vivo and in vitro 
studies. Not only must the exposure in such studies be quantified, but 
it must also be linked with practical human exposures for the purpose 
of ride assessment However, without an accepted mechanism for 
biological and/or health effects, it is difficult to relate the dose, Le. the 
actual amount of the agent that is acting on abiological system, to the 
exposure that is encountered Thus, the scaling of exposures from the 
workplace to the laboratory and vice versa remains an issue for EMF 
research. Coupled directly to this is the development of dose concepts 
and models.
Health Effects and Risk Management
Although determination of health effects is outside the realm of 
exposure assessment, uncertainty about the risk from ELF fields 
remains die most prominent outstanding issue for exposure assess­
ment Determination of a mechanism or discovery of a threshold for 
effects would resolve many of the other issues and allow exposure 
assessment to more effectively support basic science and epidemiologic 
research.
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MAGNETIC FIELD MANAGEMENT 
INTRODUCTION
Because electrical apparatus is ubiquitous in our modem society and 
because of the nearly limitless ways that electrical energy is used in 
these devices, we live and work in an extremely complex electric and 
magnetic field environment At low frequencies, the management of 
the electric and magnetic fields associated with the individual opera- 
tion of these devices, with all of their attendant spatial and temporal 
complexities, falls into two comprehensive categories; cancellation 
and shielding.
Assuming that the on-going biological research will give electrical 
designers a set of parameters which should not be exceeded in the 
space near the device which humans will normally occupy, then on 
first blush, all needed techniques are available and well understood 
Therefore, no new R&D would seem to be required and we should be 
able to redesign, rearrange, or retrofit to meet any emerging electric 
and magnetic field criteria. Unfortunately, understanding first prin­
ciples is not sufficient to deliver a viable and practical product
Before starting the discussion of the effort needed to get from first 
principles to effective products, it will be useful to review some very 
basic concepts associated with electric and magnetic fields. While the 
electromagnetic spectrum is a range of frequency from 0 cycles per 
second (Hz) to above 10 Hz, the focus of attention of this document 
will be on the Extremely Low frequency (ELF) band of 3 Hz to 3000 
Hz. In the ELF band, electric and magnetic fields can be treated 
independently of each other.
Magnetic Helds
The amount of magnetic flux density, as referred to in this discussion, 
has historically been measured with a unit called the milligauss. 
However, electrical engineers and physicists have agreed on a
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different unit, the tesla, as an international standard. These terms have 
simple scaling relationships between them. One tesla is equal to 
10,000gauss or 10,000,000milligauss. One tesla is, therefore, a very 
large field and as such is awkward to use when discussing typical 
fields found in our environment In many cases, authors of technical 
journals frequently use the microtesla which is 1/1,000,000 of a tesla. 
However, in many older journals, and in most general public litera­
ture, the unit milligauss has been chosen when reporting environmen­
tal magnetic fields. These units may seem confusing. Therefore, 
conversion information, as presented below, has been developed to 
help the reader translate the material given in this text to that given in 
other presentations and publications. In all cases, the material 
presented in this discussion will use the milligauss unit and distance 
measured in feet
Conversion Between Magnetic Flux Density Units
1 milligauss (mG) = 0.001 gauss (G) = 0.0000001 tesla (T)
1 milligauss (mG) = 0.1 microtesla = 100 Gamma
All magnetic fields are caused by moving electrical charge. In the 
general case, a moving charge is called an electrical current by 
engineers and physicists. The unit used to quantify the magnitude of 
the current is the “ampere”. In an electrical circuit, the current in the 
wires, or conductors, of the circuit produces the magnetic field. In 
many discussions of fields, the magnetic flux density is used when 
values are reported. In free space and non-ferromagnetic material, the 
magnetic field and magnetic flux density are related by a simple 
constant called the permeability of free space.
All circuits which carry electric currents, from major power lines to 
the wiring and appliances in homes, produce magnetic fields. The 
strength of these fields depends on the geometry of the circuit, the 
amount of current in the conductors of the circuit, and the distance the 
observer is from the circuit Ifthe circuit is a single wire and very long 
relative to the distance to the observer, a very simple equation
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B = 6J56Vr (1)
gives the magnetic flux density in milligauss. In this equation, I is the 
current in amperes in the wire and r is the distance from the wire to 
the observer measured in feet
In more complex and typical cases, where more than one current is 
flowing and the circuit is not either long or simply a straight wire, a 
general form of an equation taken from classical physics, called the 
Biot- Savart Law, has to be employed to calculate these magnetic 
fields.
IAxr
AB = k____  (2)
i *
where k is constant, I is the current in an elemental conductor section 
A, r is the distance vector from the elemental conductor section to the 
observation point, and r is the magnitude of the vector distance [1]. 
Equation (1) was produced by integrating Equation (2) over an 
infinite length of a straight wire. There are two other circuit 
conditions where simple approximations of the Biot-Savart Law 
have been developed which aid in estimation of magnetic fields. For 
a point distance from two long parallel wires carrying equal currents 
but in opposite directions, the following equation gives the magnetic 
flux density in milligauss
B = 6.56 Id/r2 (3)
where d is the distance of separation between the two wires and is 
much smaller than r. This equation is valid when the observer is at 
a distance from the set of wires. This particular equation is more 
useful because it is a helpful model to estimate the magnetic fields 
from conventional house wiring to transmission and distribution 
lines. In most house circuits, the current flows into the device through 
one wire andreturns in the second In modem house wiring, these two
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current canying conductors are very close to each other, less than a 
quarter of aninch separation between the two conductors. For a house 
circuit carrying amaximumiatedloadof 20 amperes, just afoot from 
such a conductor, the fields would be approximately 2.7 milligauss. 
Moving to a point five feet from this circuit, die field would be only
0.11 milligauss. For this circuit configuration, as the equation shows, 
the magnetic field diminishes as the inverse square of the distance 
from the conductor. A similar inverse square relationship exists for 
transmission line fields.
If we go to the even more commonly considered source of magnetic 
fields, current flowing in a loop of wire, there is again a relatively 
simple equation that allows us to calculate the magnetic flux density 
in the plane of the loop when we are remote from the loop. That 
equation is
10.31 Ix  a2
B as ---------------- (4)
r 3
where a is the radius of the loop given in feet A common example 
of currents flowing in a coil or wire is the burner on an electric range. 
For large 8-inch diameter burners with a 3-inch diameter open center 
and five concentric loops drawing 5 amperes of current, the magnetic 
flux density would be approximately 14.3 milligauss at one foot from 
thecenterandyetonlyO.il milligauss five feet from the burner. In 
all cases, fields from conductor loops decay very rapidly as you move 
awayfrom the coil The equation indicates that the field will diminish 
as the inverse cube of the distance. In fact, it can be shown that in all 
regions remote from a current loop, not just in the plane of the loop, 
the magnetic field decays with the cube of the distance. Therefore, 
when you move away from a loop of current, the field diminishes 
rapidly if the dimension of the loop is small relative to the observer’s 
distance from the loop.
These three simplified relationships all stem from applying the Biot- 
Savart Law to the circuit geometry. The Biot-Savart equation is 
derived from the Ampere Law, which is one of the group of equations
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known as Maxwell’s Equations for electromagnetic systems. A first 
principle of the magnetic field resulting from current in a conductor 
element is that the magnetic field varies inversely with the square of 
the distance from the conductor element The changes in direction of 
the current and therefore the vector relationship of the magnetic field 
result in cancellation or addition of the magnetic field contributions 
from other field elements. By combining the fundamental 1/r 
relationship with the mathematical description of the physical con­
figuration of the circuit, the apparent change in exponential decay of 
field with distance are shown. These equations with different orders 
of decay, however are, in reality, the result of cancellation or addition 
effects.
Electric Fields
The electric field intensity, or simply electric field, results from the 
separation of charge. The usual letter symbol used in technical 
literature to denote the electric field is “E”. In the context of this 
discussion, energized conductors are the usual source of charge. The 
unit of measure applied to electric field is Volts/meter or V/m. This 
is the international standard and also the generally used term in public 
discussions. However, when discussing electric fields found near 
very high potential sources such as extra high voltage transmission 
lines, the prefix “k” for kilo (1000) is generally used so that the unit 
is expressed in kV/m or 1000 V/m Some scientific journals report 
field in Volts/centimeter or V/cm which is 100 V/m.
In many contexts, electric fields are more difficult to quantify than 
magnetic fields. Basic physics shows that not only are electric fields 
derived from charge separation but that force is always exerted on 
these charges.[l] If the charge exists in a medium which permits the 
charge to move, the medium is considered conductive and the electric 
field will adjust in magnitude and direction with the movement of the 
charge. Nearly everything in our environment is conductive and 
therefore inpacts electric fields. At 60 Hz, air has a conductivity of 
less than 10* siemens. Metals have conductivities of greater than 107 
siemens. Thehuman body hasamid-rangeconductivityof 1.5 toO.Ol 
siemens.[2]
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The fact that nearly everyphysical objectwill distort theelectric field 
makes the control technology very easy. Placing any grounded 
metallic surface between the electric field source and the subject will, 
as apractical matter, eliminate the electric field since the conductivity 
difference between air and metals is greater than 1016, the metals will 
transport the terminating charge to the metal surface. At ELF 
frequencies, the metal surface can be as simple and inexpensive as 2 
inch mesh chicken wire screen. The shielding efficiencies are greater 
than 104 (see Figure 1).
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Figure 1. Practical shield factors for electric (Eo/Ei) and magnetic 
(Ho/Hi). Components at low frequencies for a special box or cage 
made of copper or steel (n=100 cm; d-0.1 cm; mesh distance 1 
cm). The practical limit in respect to theory is due to idealization 
in the theory (Homogeniety, Smooth Surfaces, Perfect Joints A S .O.)
Cancellation techniques also work for electric field management 
Two conductors carrying charge to and from an electrical device, if 
placed close together, will effectively cancel the electric field from 
each individual wire at a remote site. However, for tools and plug-in 
appliances, a switch-off device may actually have larger electric 
fields than a switehed-on device. This apparent paradox results from
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the switch breaking only one of the conductor circuits. If the plug is 
not polarized, there is a 50% chance that the break is in the ground 
circuit Therefore the device “floats” to full line potential and an 
electric field is set up between the device and local grounds. A very 
common example of this effect is an electric blanket Of course, for 
this simple example the fix is simple; just use a two pole switch, if the 
application does not violate local code.
While cancellation techniques work and in some cases are the only 
practical management technique for electric field control, shielding 
is usually much easier to apply. The subject can be shielded, such as 
in the extreme of live-line-maintenance personnel who work on 
energized extra high voltage conductor systems, or the device can be 
shielded such as placing a metal shroud around a pad-mount trans­
former. Since electric field shielding is generally applied as a direct 
consequence of maintaining electrical safety in the work environ­
ment, it is not likely that an extensive effort would be required to 
further manage electric fields. Therefore, the remainder of this paper 
will focus on the much more difficult problem of magnetic field 
management
CANCELLATION CONSIDERATIONS
Achieving field management or control of magnetic fields below a 
certain level which may be demanded by the on-going biological 
research may require a technique with a tremendous dynamic range. 
For example, in electric power transmission, it has long been recog­
nized that the attenuation of magnetic fields remote from a transmis­
sion line relies on the cancellation technique. The phase currents in 
a given conductor are effectively opposed by the cunent(s) flowing 
in the opposite conductors), either for single-phase systems or 
balanced multi-phase systems. Therefore, at distances remote rela­
tive to the spacing between (he conductors, the magnetic field of one 
conductor is nearly canceled by the opposite fields created by the 
currentin the other conductors). Should the requirement be to reduce 
magnetic fields at the edges of right-of- ways from 100s of milligauss 
to tens of milligauss; circuit techniques that have long been under­
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stood involving phase positioning in double circuit lines can achieve 
this cancellation effect In fact, research at the EPRI-HVTRC facility 
has shown that a single-circuit transmission line can be constructed 
to have these same characteristics.^] However, if the range of 
reduction required is not by one order of magnitude but by greater 
than two orders of magnitude, then other much more subtle phenom­
ena must be accommodated While most transmission line phase 
currents are nearly balanced, they are in fact always in some state of 
unbalance. That state of unbalance results in current return paths 
other than the intended three-phase conductors. This unbalance 
current return path will generally be through the earth's mantle. 
Wagner and Evans show that this equivalent depth of return is given 
by the equation
De = 2160/ f (5)
where Deis in feet [41 Under normal earth resistivities (=0.01 s) and 
with transmission lines of lengths from terminal to terminal much 
greater than the return depth, the effective return path for the 
unbalance (zero sequence 60 Hz) currents will be at depths of 2800 
feet Third harmonic currents would return at 1600 feet Such 
effective return paths for the unbalanced current indicate that cancel­
lation by 1/d2 relationship only occurs at great distances from the 
conductor system. Thus the complication is not the theory of how 
cancellation works, but is the reality of how electrical systems 
actually operate and how a system must be designed to operate.
The above example points out the need to examine each field 
management problem for basic electro-magnetic characteristics be­
fore selecting the magnetic field management strategy. Thus, this 
paper will not attempt to solve problems of controlling magnetic 
fields of specific devices or apparatus. It will discuss the general 
nature of magnetic field control problems associated with a variety of 
electrical apparatus classes.
While transmission anddistribution lines are highly focused on by the 
public, little emphasis will be placed upon electric power transmis­
sion and distribution systems. The Electric Power Research Institute
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(EPRI), the DOE, and the utility industry are spending considerable 
effort in evaluating the possible options for reducing magnetic fields 
associated with both transmission and distribution circuits. The 
article in Reference [3] gives an excellent discussion of the R&D 
underway and required to manage power delivery related magnetic 
fields. Therefore, little effort should be required by NIOSH on power 
distribution external to buildings.
The principal focus should be on the general category of electrical 
apparatus found in work sites that have considerable capability for 
producing magnetic fields. While the general public may not have 
extensive exposure to any one of these devices, specific classes of 
workers will find themselves consistently exposed
Cancellation fields can be set up in some cases with very little cost 
penalty. In many cases, a principal source of magnetic fields is found 
to be that which radiates from the conductor systems leading to the 
tool or power apparatus. In such relatively simple cases, these fields 
could be canceled via compaction of the conductor systems. For 
example, a low voltage device, either a 120 or 240 volt service, is 
typically supplied by a power cord and the fields any distance from 
the ccad are rapidly attenuated by the d2 relationship. In the situation 
where the cords or leads have to be very close to the worker, then the 
added prec aution of twisting or interleaving of these leads with each 
other will further reduce the field The net effect of twisting a pair of 
conductors is that each individual conductor appears to occupy the 
same space. Therefore, the fields are much more effectively canceled 
because the spacing between the conductors is reduced to nearly zero.
Examples of where this has already been practiced are recent attempts 
by waterbed manufacturers and electric blanket manufacturers to 
significantly reduce the magnetic fields produced without impairing 
the ability of the device to generate heat as required to perform its 
function. This simple additional step makes it possible to produce 
devices that have very low magnetic field characteristics and not 
experience significant cost increase.
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Attempting to have the power leads twisted or superimposed with 
each other relies on the ability of the conductor insulation system to 
withstand the added electrical stress. Even for the low voltage 
circuits, compaction must be carefully considered because eventually 
the insulation could be compromised and create a shock hazard. 
Therefore, in exercising magnetic field control technologies, it is 
extremely important that long established practices for maintaining 
safety of the device must not be compromised.
Electrical apparatus that consume considerable energy would gener­
ally be supplied by three-phase sources. Compaction may require the 
use of three- phase cables rather than single-phase cables. If 
single-phase cables are used, care in bundling of the cables within 
cable trays and the routing of the cable trays can be a very effective 
control technology. In many instances where strong fields have been 
found near transformer vaults in buildings, the source of magnetic 
field is the cable systems leading to and from the transformer vault
The magnetic field produced directly from most apparatus exhibits 
the characteristics of loop current source fields. Therefore, a simple 
control technique may be to move the device, i.e. a compressor motor 
in a refrigeration unit, to the back of the unit’s housing. This makes 
use of separation distance and, therefore, the 1/d3 characteristic. If the 
device function does not permit it to be moved, i.e., hand held tools, 
then more sophisticated and possibly expensive techniques must be 
employed
SHIELDING CONSIDERATIONS
Shielding of ELF magnetic fields requires either that: the magnetic 
fields be diverted around the volume considered to be sensitive to the 
magnetic fields, or the magnetic fields be contained within the device 
that produces the fields. Effectively accomplishing shielding at either 
the source or the subject requires extreme care in choosing the 
shielding material. The electrical properties of ferromagnetic mate­
rials are very complex functions of magnetic field frequencies and 
magnitudes. For strong magnetic fields, the highly non-linear
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saturation characteristics of ferromagnetic materials have been widely 
recognized and reasonably adjusted to achieve source shielding. 
However, only a few engineers and physicists are aware of the effects 
of coerciveness at very low magnetizing forces. Subject shielding 
invariability involves weak magnetic fields. Ferromagnetic materi­
als that are normally considered to have very high permeability may 
have quite low permeability if being used to attempt to shield 
milligauss field levels. Thus, the problem of dynamic range encoun­
tered when trying to apply cancellation techniques reappears in a 
different form when attempting to utilize shielding techniques.
In the simplest terms, transformers operating at any power level could 
be considered devices which offer source shielding. Of course, 
operation of the transformer is dependent on the control of the flux 
paths so that the maximum flux linkage between the primary and 
secondary windings of the transformer is obtained. This control of the 
flux path is, however, the same as shielding in that the flux is steered 
or diverted from its normal free-space radiating pattern. Close 
inspection of the transformer magnetic circuit will reveal that there is 
still considerable leakage flux in a complex pattern about the coils and 
the transformer steel. This stray flux or leakage flux from the 
transformer (whose magnetic circuits are intentionally operated at 
magnetic flux densities of 11,000 to 14,000 gauss) would appear to 
be a strong source of magnetic field even if only a very small 
percentage is leakage field However, the electrical conductor paths 
in a transformer are loops or coils and as shown in the discussion 
above, at any significant distance (relative to the coil radius) the 
magnetic field falls off as the cube of distance. Figure 2 shows the 
results of actual measurements on a300kV A pad-mount transformer 
which supplies a small electronics firm.
When shielding is attempted with ferromagnetic circuits in low field 
regions, i.e., not the high intensity fields associated with the operation 
of transformers, motors, or other magnetomotive force devices, the 
permeability level of the ferromagnetic material may be drastically 
reduced The ability of the ferromagnetic material in terms of 
shunting or shielding is highly dependent on the level of the flux
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Figure 2. Lateral Profile of Magnetic Fields from a 300 kVA 
Pad-Mounted Transformer
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density to be shunted While it is difficult to find this phenomena 
discussed with any significant detail in modem literature, Figure 3 
from Reference [5] clearly demonstrates this basic characteristic of 
ferromagnetic metal was documented 60 years ago. Reference 1 
merely states that the “initial relative permeability” of iron is 200.
Since magnetic field levels which are being investigated as possible 
levels of concern arc in the order of tens of miliigauss, it will be a 
significant problem to try to shield workers or the public from remote 
source magnetic fields with local ferromagnetic shielding devices, hi 
fact as Figure 1 from Reference [6] shows, the best shielding from 
ELF magnetic fields may actually be achieved by non-ferromagnetic 
high conductive copper rather than by “high mu metal" materials. 
High mu metal materials have low conductivity, and as shown, for 
very weak fields, do not have high relative permeability. Copper has 
a relative permeability of 1, but copper is very conductive and the 
eddy currents that are set up by the weak magnetic fields in the copper 
sheet act as cancellation fields. Therefore, copper may be as effective 
if not more so than the ferromagnetic material. Unfortunately, neither 
of these are very effective, ie., the shielding efficiencies arc less than 10.
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There is a further shielding problem associated with developing 
shielding devices remote from the magnetic field source. The shield 
region is actually a very small part of the overall magnetic circuit and, 
therefore, has very little impact on diverting magnetic fields once the 
magnetic fields’ distance from the device starts to equal the dimen­
sion of the device. Thatis, the reduction in reluctance to the magnetic 
field's circuit path is minuscule and will have little or no effect on
Figure 3. BH Curves of a Variety of Iron and Steel Products 
with the Region of Very Low Flux Density Shown.
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diverting of fields. Therefore, if for instance shielding were attempted 
along one wall of an office facing a distribution circuit, the shielding 
would only slightly reduce the field if the person stood directly next 
to the shield, evenifahigh permeability couldbe achieved When the 
person moves half the dimension of the wall height away from the 
wall, the shielding would be trivial.
A further engineering consideration for any control technology using 
subject shielding is that these techniques would be inordinately 
expensive. To date, to be effective and practical, shielding is best
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when implied at the source o f the magnetic field. This simple 
statem ent is not that easy to  achieve because o f the trem endous 
num ber o f devices which exist that produce at least locally high 
magnetic fields. Achieving redesigns of these devices to manage and 
control these fields could be extrem ely expensive and therefore cost 
prohibitive in many situations. Retrofit to control these m agnetic 
fields w ould essentially be out o f the question in m ost cases.
There are com panies that specialize in developing shielding devices 
for m agnetic field  sensitive products such as VDTs. Since reducing 
the field by an order o f m agnitude or less m ay be sufficient to reduce 
a m agnetic field which had been producing visual distortion o f the 
screen, such shielding is effective. However, in term s o f getting 
orders o f m agnitude reduction, there are really no devices that are 
seriously proposed for rem ote shielding that can be u tilized
CONCLUSIONS
M agnetic field m anagem ent w ill generally be much more com plex 
than electric fieldm anagem ent W hile cancellation and shielding are 
control techniques that can be applied to either electric or m agnetic 
fields, shielding is much m ore effective for electric fields. The 
appropriate control technology to apply w ill depend on: the m agni­
tude o f the field to be m anaged, the percentage o f reduction desired, 
the dom inant field being electric or m agnetic, the physical character­
istics o f the source, the function o f the source, and the function o f the 
w orker relative to the source.
Taking specific steps to m anaging a particular field environm ent may 
not be appropriate until field levels and characteristics (e.g. pow er 
frequency levels, degree o f polarization, harm onic content, dB/dt 
transients, 60 H z level changes, frequencies above ELF concurrent 
w ith pow er frequency levels, etc.) can be set by on-going scientific 
investigations.
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INTRODUCTION
The research recom m endations for In  Vitro/CeUuhr M echanism  
Studies are the result o f deliberations and discussions o f a panel of 
scientists w ith expertise in  electric and m agnetic fields (EM F) 
research and cellular processes. A  focus for panel deliberations w as 
provided by a plenary paper authored by Dr. Stephen Cleary. This 
paper sum m arized research results obtained using in vitro system s to 
investigate effects o f extrem ely low  frequency EM F on cellular 
processes. Theplenary paper also described the advantages o f in vitro 
studies for exploring, evaluating and m ore thoroughly understanding 
the underlying cellular interactions w ith EM F and the possible 
relationship o f these effects to specific diseases in  humans. D esign­
ing and conducting occupationally relevant in vitro studies requires 
inform ation from  other types o f studies and disciplines. Addressed 
at the W orkshop were in vivo studies, epidem iology, exposure 
assessm ent and control technologies. In  vitro studies are thus one 
com ponent o f a larger effort involving at least four other equally 
im portantcom ponents. The agenda fo r/«  W fro/Cellular M echanism 
Studies m ust therefore involve inform ation generated by other disci­
plines. This illustrates the need for a coordinated, integrated, interdis­
ciplinary approach to  achieve the desired result, nam ely protection o f 
w orkers from  adverse effects o f extrem ely low  frequency EM F 
exposure.
These research recom m endations are included in  the following 
categories:
♦ R elate In  Vitro and W orkplace Exposures
♦ EM F Dosimetry for the Cellular Level
♦ Theoretical Studies and M odels
♦ Reference Criteria
♦ Research Priorities for H ealth End Points
Research Recomendations
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RELATE IN VITRO AND WORKPLACE EXPOSURES
♦  C o r r e l a t e  E x p o s u r e  P a r a m e t e r s  f o r  I n  V i t r o  S t u d i e s  w i t h
P o t e n t i a l l y  H a r m f u l  E x p o s u r e s  F o u n d  i n  t h e  W o r k p l a c e
A detailed occupational exposure assessm ent m ust be conducted 
by qualified individuals in  order to provide EM F param eters for 
In  Vfrro/Cellular M echanism  Studies. This assessm ent m ust 
provide appropriate ranges o f the following exposure param ­
eters:
(a) peak and average electric and m agnetic field strengths;
(b) fundam ental and harmonic frequencies o f oscillating 
fields; frequency spectrum  and tim ed dependence o f 
pulsed o r transients;
(c) am plitude and frequency o f am bient (background) EMF;
(d) local geom agnetic fields (amplitude, declination); and
(e) concentration or am plitude o f physical or chem ical 
factors encountered in  the w orkplace that may serve as 
confounders or co-stressors.
Occupational exposure assessm ents should be conducted on the 
basis o f pertinent epidem iological studies linking EM F occupa­
tional exposures to specific health effects as w ell as pertinent 
existing inform ation (e.g., intensity windows and resonance 
conditions) presently available from  EM F in vitro and in vivo 
studies already in the literature.
EMF DOSIMETRY FOR THE CELLULAR LEVEL
♦  D e v e l o p  M e t h o d s  o f  O c c u p a t i o n a l  D o s i m e t r y  w h i c h  R e f l e c t
E x p o s u r e s  a t  t h e  C e l l u l a r  L e v e l
Once appropriate exposure assessm ents have been conducted, 
the inform ation m ust be utilized to  construct laboratory exposure 
system s w hich duplicate established w orkplace exposures at the 
cellular lev e l For In  Vftro/Cellular M echanism  Studies this is 
more com plicated than sim ply exposing cells to the am bient
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fields described in  the exposure assessm ents. W hile this m ight be 
appropriate for whole anim al studies or for potential effects 
caused directly by the m agnetic field, a num ber o f endogenous 
factors are known to alter the electric field by the tim e they reach 
the target organ o r cell in question. It is thus im perative that 
appropriate methods o f theoretical and experim ental dosim etry 
be developed and applied to  perm it accurate extrapolation o f 
occupational EM F exposure levels to exposure at the cellular 
lev el
THEORETICAL STUDIES AND MODELS
♦  D e v e l o p  T h e o r e t i c a l  M o d e l s  t o  C l a r i f y  M e c h a n i s m s
Developm ent o f theoretical studies and m odels w ith particular 
em phasis on mechanisms that seem  to  hold prom ise (e.g., non­
linear and resonance concepts) m ust be an im portant part o f this 
research agenda. These studies and m odels are necessary be­
cause o f the m ultitude o f possible experim ental exposure param ­
eters, and other conditions which need to be elucidated prior to 
conducting definitive In  ViYro/Cellular M echanism  Studies. 
Theoretical studies are further w arranted because o f the unique 
nature o f reported EM F biological effects including nonlinear, 
non-equilibrium  phenom ena. Theoretical m odels m ust provide 
inform ation for “hypothesis” testing and concurrently reduce the 
num ber o f experim ents necessary to achieve scientifically cred­
ible results. M odels may be many or singular. A  form  of 
theoretical research coupled w ith actual laboratory studies m ight 
be (he utilization o f a single robust model to exam ine the 
im portance o f specific EM F param eters on selected m olecular 
and cellular processes. The param eters investigated would be 
occupationally relevant as w ell as consistent w ith one or m ore 
theoretical mechanisms. W hereas predictions derived from  this 
m odel m ight not be directly applicable to an occupational setting, 
the utility w ould lie in providing direction and valuable insight 
regarding the interpretation and assessm ent o f occupationally 




♦  D e v e l o p  R e f e r e n c e  C r i t e r i a  f o r  E x p e r i m e n t a l  D e s i g n  a n d
E M F  F i e l d  C h a r a c t e r i z a t i o n
To reduce am biguity and uncertainty in progressing tow ard a 
unified understanding o f biological actions o f EM F, standard­
ized criteria for conducting and reporting the results o f in vitro 
studies m ust be encouraged This m ust include means o f linking 
experim ental results obtained in  one laboratory w ith those from  
other laboratories. This can be accom plished by replicate experi­
m ents in several laboratories. Specific aspects o f a study m ight 
be repeated before an investigator moves ahead in testing new 
hypotheses. Replication o f experim ents w ill provide a m eans of 
identifying confounders that are responsible for divergent results 
from  different laboratories. Intrinsic to the concept o f research 
reference criteria is the selection o f appropriate tissues and cells, 
com plete w ith rationale. Lastly, the nature o f in vitro studies 
indicate the need to control a num ber o f experim ental variables. 
These variables m ust be considered in developing standardized 
experim ental criteria. Above all, the research criteria should 
place equal consideration on the selection, control andreplication 
o f the EM F param eters as on the im portance attached to m aintain­
ing and replicating studies o f effects on tissues and cells.
RESEARCH PRIORITIES FOR HEALTH END POINTS
♦  D e f i n e  t h e  S i g n i f i c a n t  H e a l t h  E n d  P o i n t s
From  an occupational perspective, the disease o f greatest concern 
w ith respect to  EM F exposure is cancer. In view  o f this, the 
highest priority should be assigned to in vitro studies w hich help 
to define the nature o f this problem . This m ay be accom plished 
by in vitro  studies o f the effects o f occupationally relevant EM F
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on the proliferation o f norm al human cells (including im m une 
system  cells), and transform ed cells. These studies should 
provide insight regarding EM F-induced cancer prom otion and 
possible im m unosuppressive effects; die latter as they relate to 
the cancer process. Several m olecular events/processes intrinsic 
to cell proliferation and carcinogenesis are am enable to investi­
gations em ploying in vitro  techniques. A m ong these are 
biom olecular synthesis, intercellular com m unication, regulation 
and induction o f ornithine decarboxylase, binding and transport 
o f cations (principally Ca+*) and other cell m em brane-dependent 
events. O ther targets for EM F occupationally induced adverse 
effects that should be investigated using in vitro methods include: 
the m ale and fem ale reproductive systems, endocrine and neu­
roendocrine systems, alterations in  fetal developm ent, and non­
cancer aspects o f immune system  function. Regardless o f the 
disease or system  being investigated, the focus o f in vitro research 
should be on:
(a) mechanism s o f interaction o f EM F w ith biological 
systems;
(b) the delineation o f those EM F param eters that m ay be 
particularly critical in  these interactions;
(c) the physiological consequences o f those interactions; 
and
(d) the relationship to EM F related diseases.
Elucidation o f the mechanisms o f EM F effects on biological 
system s and potential health im pairm ent provide a starting point 




R E S E A R C H  R E C O M M E N D A T IO N S  F O R  I N  V IV O  
S T U D IE S
INTRODUCTION
Panel deliberations on invivo  research needs evolved from  the review  
o f past research in  the plenary paper authored by Dr. Larry E. 
Anderson. M uch previous in vivo research into effects o f extrem ely 
low  frequency electric and magnetic fields (EM F) has been explor­
atory in nature. Experim ents have been conducted to dem onstrate the 
presence or absence o f biological effects, and there have been 
essentially no theoretical bases concerning likely m echanism s for, or 
consequences o f EM F exposure. M any o f the efforts have been pilot 
studies. Replication has not been attem pted frequently, and when it 
has been attem pted, ability to replicate observations has seem ed poor. 
A pparent explanations for this include inadequate characterization 
and reporting o f exposure conditions and insufficient quality con tro l 
M any o f die research recom m endations presented below  are directed 
at resolving these issues.
As determ ined by this NIOSH assem bled panel, some phenom ena 
have em erged which are o f sufficient credibility or potential im por­
tance to form  a basis from  which hypotheses can be generated and a 
logical research agenda can be developed
One o f the m ost interesting o f the biologic phenom ena resulting from  
in vivo experim ents using EM F exposure is the inhibition o f nocturnal 
m elatonin syntheses in the rodent pineal gland, a key finding o f 
considerable im portance in  its own rig h t In  addition, the pineal gland 
is closely tied to  the central nervous system  (CNS). Inhibition o f 
m elatonin synthesis forms a b aas on w hich hypotheses can be 
developed; specifically those regarding plausible mechanism s for 
epidem iologically observed associations between presum ed pow er 
frequency EM F exposure and the incidence o f cancer. This is 
especially true for horm one-dependent cancers such as breast cancer,
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in both m ales and fem ales, and prostate cancer. Pineal effects also 
provide a basis fo r form ulating hypotheses relative to the effects of 
EM F exposure on the developm ent, m aturation, and degeneration of 
critical system s andprocesses such as those involved in GNS function 
and mammalian reproduction.
M elatonin inhibition produced by EM F exposure provides a basis for 
studying the interactions o f EM F exposure w ith factors such as 
occupation, shift work, trans-m eridian travel, sleep disturbance, 
m edication, and age. Changes in  calcium  ion binding to cell surfaces 
and changes in  the m ovem ent o f calcium  ions across cell membranes 
are other EM F biological effects that have been repeatedly observed 
in vitro  and w hich m ight relate to altered m elatonin and neurotrans­
m itter synthesis, disturbance o f CNS electrical activity, and alteration 
in cardiac function.
Based on these considerations, the In  Vivo Panel identified seven 
m ajor research recom mendations. W ithin each o f these areas, 
specific recom m endations were identified
♦ Conduct studies w ith scientific rigor
♦ M eticulously characterize EM F exposures
♦ Characterize the critical effects o f EM F
♦ Study neuroendocrine dysfunction producedby EM F
♦ C onduct definitive studies o f the role o f EM F in  
carcinogenesis
♦ Study reproductive and developm ental effects o f EM F
♦ Study cardiovascular effects o f EM F
CONDUCT STUDIES WITH SCIENTIFIC RIGOR
A s indicated in  die Introduction, results from  in vivo research on EM F 
usually have not been replicated Replication has usually not been 
attem pted, and when it has been, the ability to replicate has been poor. 
The In  Vivo Panel considered as its first priority ihe following 
recom m endations to im prove reproducibility and credibility o f ex­
trem ely low  frequency EM F research and reporting.
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♦ D esign E xperim ents to  T est Specific H ypotheses^Based upon
th e  B est E vidence from  P rio r R esearch an d  T heory .
♦ D efine E xposure R egim ens C arefu lly  an d  T horoughly .
♦ Im prove R eproducib ility  an d  V alidity T hrough  Use o f such
M ethods as Im proved D ocum entation, Q uality  A ssur­
ance, E xperienced P ersonnel, In te riab o ra to ry  S tudies, 
an d  D ouble-B lind C ontro l P rocedures.
♦ C onduct S tudies in  a  Logical P rogression O nce an  E ffect has
been E stablished.
The critical exposure param eters (electric or magnetic field, field 
strengths, interm ittency, and dose response) should be deter­
m ined as w ell as die critical biological param eters (species, age, 
diurnal variations).
♦ V alidate in  Vitro an d  Epidem iology F indings w ith  in  Vivo
Studies.
Effects on calcium  ions, alterations in cell to cell com m unication, 
m alform ation s in  pulsed EM F-exposed chicken eggs, andreports 
o f occupational cancers are exam ples o f phenom ena which 
should be pursued w ith mammalian in vivo experim ents.
♦ R epeat S tudies in  Several Species such as R odent, P rim ate
an d  H um an to  A id in  E x trapo lation  o f F indings an d  to  
E stab lish  P redictiveness o f A nim al D ata.
♦ Increase C om m unication betw een L abora to ries, G overn­
m ent A gencies, W orkers, an d  th e  C oncerned Public.
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CHARACTERIZE EMF EXPOSURES
There are m any variables o f EM F that can be m anipulated or 
controlled in in vivo experim ents and the //i Vivo Panel considered the 
following item s o f high priority for the conduct, reporting, and 
interpretation o f studies.
♦  U s e  t h e  L a t e s t  A v a i l a b l e  T e c h n o l o g y  f o r  E x p o s u r e  S y s t e m s .
♦  R e q u i r e  S u b s t a n t i a l ,  a n d  t o  t h e  E x t e n t  P o s s i b l e ,  C o m p l e t e l y
D o c u m e n t e d  C h a r a c t e r i z a t i o n  o f  E M F  M e a s u r e m e n t s ,  
I n c l u d i n g  A m b i e n t  F i e l d s .
The characterization should include:
(a) electric and m agnetic fields and their com binations;
(b) continuous versus interm ittent application;
(c) field  strength and intensity;
(d) frequency;
(e) type o f field— sinusoidal vs. pulsed; and
(f) rate o f change for pulsed fields (dB/dt)
♦  D e f i n e  E M F  E x p o s u r e  i n  R e l a t i o n  t o  P o s s i b l e  I n t e r a c t i o n s
w i t h  B i o l o g i c a l  R h y t h m s  ( e . g ^  L i g h t / D a r k  C y c l e ;  S h i f t  
W o r k ;  E x t e n d e d  W o r k d a y s ;  D i u r n a l  C N S  F u n c t i o n s  
s u c h  a s  M o o d ,  A l e r t n e s s  a n d  T a s k  P e r f o r m a n c e ;  V a r i a ­
t i o n  i n  S t a g e  o f  M a t u r a t i o n ;  a n d  S e a s o n a l  V a r i a t i o n s  i n  
F u n c t i o n s  o f  t h e  R e p r o d u c t i v e  S y s t e m ) .
CHARACTERIZE CRITICAL EFFECTS OF EMF
A scertaining o f critical effects on which to focus research is essential. 
W hile some effects have em erged as the m ost repeatable and m ost 
plausible, none have been w ell established and fully characterized 
The follow ing recom m endations are necessary to  firm ly delineate the 
critical effects o f EM F.
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♦  U s e  S c i e n t i f i c a l l y  A c c e p t e d  M e t h o d s ;
♦  S t r e s s  Q u a l i t y  A s s u r a n c e  P r o c e d u r e s ,  E x p e r i m e n t a l  D e s i g n ,
a n d  Q u a l i t y  C o n t r o l  o f  E x p o s u r e s ;
♦  F o r m u l a t e  a n d  T e s t  H y p o t h e s e s  B a s e d  o n  P r e v i o u s  S t u d i e s
a n d  T h e o r y ;
♦  C o n d u c t  S t u d i e s  t o  R e p l i c a t e  K e y  F i n d i n g s ;
♦  D e t e r m i n e  w h i c h  F a c t o r s  o f  t h e  E x p o s u r e  V a r i a b l e s  a r e
A s s o c i a t e d  w i t h  B i o l o g i c a l  E f f e c t s  a n d  D e t e r m i n e  D o s e -  
R e s p o n s e  R e l a t i o n s h i p s  f o r  T h o s e  E f f e c t s ;  a n d
♦  D e v e l o p  a n  U n d e r s t a n d i n g  o f  M e c h a n i s m s  b y  w h i c h  B i o l o g i ­
c a l  E f f e c t s  O c c u r .
NEUROENDOCRINE DYSFUNCTION PRODUCED BYEMF
Reports o f neuroendocrine dysfunction have appeared in die litera­
ture, but few  have been confirm ed. The key exposure param eters 
have not been defined and dose-effect relationships have not been 
established Inhibition o f m elatonin synthesis appears to be an 
established effect from  which linkage to other effects m ay evolve. In 
addition, behavioral effects need further attention, as do other effects 
on the central nervous system , including sleep disturbances. The In  
Vivo Panel recom m ends the following research on neuroendocrine 
dysfunction.
♦  C h a r a c t e r i z e  N e u r a l ,  E n d o c r i n e ,  a n d  N e u r o e n d o c r i n e  R e ­
s p o n s e s  t o  P o w e r .
Endocrine functions need to  be confirm ed, and extended as 
appropriate. For exam ple, for melatonin:
(a) characterize effects in  relation to  exposure param eters;
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(b) determ ine mechanism s o f interaction w ith species vari­
ables, exposure variables, and with other organ system s; 
and
(c) determ ine the endocrine linkage to  the possible role o f 
EM F in  carcinogenesis, im munology, m ammalian re­
production, and behavior.
The follow ing additional recom m endations arc m ade for research cm 
the nervous system.
♦  C o n d u c t  D e f i n i t i v e  D o s e - R e s p o n s e  S t u d i e s  o n  B e h a v i o r a l
Effects.
♦  S t u d y  C e n t r a l  N e r v o u s  S y s t e m  P r o c e s s e s  s u c h  a s  S h o r t - T e r m
M e m o r y ,  A r o u s a l ,  A t t e n t i o n ,  a n d  L e a r n i n g ,  U s i n g
E l e c t r o p h y s i o l o g i c ,  P h a r m a c o l o g i c  a n d  O t h e r  M e t h o d s .
♦  D e t e r m i n e  t h e  P o t e n t i a l  f o r  E M F  E x p o s u r e  t o  P r o d u c e  S l e e p
D i s t u r b a n c e s  o r  A l t e r  M o o d .
DEFINITIVE STUDIES OF THE ROLE OF EMF IN 
CARCINOGENESIS
Several epidem iology studies raise concern for electrical w orkers, as 
w ell as the general population. It is incum bent upon the in vivo 
research com munity to  diligently pursue this issue as per the follow ­
ing recom m endations.
♦  C o n d u c t  i n  V i v o  T e s t s  o f  T u m o r  I n i t i a t i o n ,  P r o m o t i o n  a n d
P r o g r e s s i o n  b y  E M F .
(a) concentrate on leukem ia, brain, and horm one-depen­
dent tum ors;
(b) use anim al m odels w ith predictable background tum or 
incidence;
(c) design experim ents to  detect tum ors w ith statistical 
pow er that is acceptable by current design standards;
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(d) use appropriate, including positive and negative, con­
trols; and
(e) conduct careful dosim etry o f tum or initiators, prom ot­
ers, and EM F.
REPRODUCTIVE AND DEVELOPMENTAL EFFECTS 
OF EMF
Som e hum an studies, as w ell as anim al studies, have shown effects 
on reproduction and developm ent However, many o f die studies 
have been pilot in  nature, have used inappropriate m odels, or m ight 
not be relevant to  workers. M ost studies reporting effects on anim al 
developm ent have utilized chick em bryos, a test m odel w hich has 
lim ited use in  predicting human risk but is useful in evaluating 
m echanisms. Therefore there is aneed for further research as follows.
♦  S t u d y  P o t e n t i a l  R e p r o d u c t i v e  a n d  D e v e l o p m e n t a l  E f f e c t s  o f
E M F  E x p o s u r e s ,  I n c l u d i n g  M e c h a n i s m s  o f  I n t e r a c t i o n ,  
U s i n g  A p p r o p r i a t e  M o d e l s  a n d  P r o t o c o l s .
♦  S t u d y  S h i f t s  i n  P a t t e r n s  o f  D e v e l o p m e n t ,  M a t u r a t i o n ,  a n d
D e g e n e r a t i o n  o f  A n i m a l  S y s t e m s  s u c h  a s  t h e  N e r v o u s ,  
R e p r o d u c t i v e ,  a n d  I m m u n e  S y s t e m s .
CARDIOVASCULAR EFFECTS OF EMF
Effects o f EM F on the heart beat o f dogs and hum an subjects have 
been reported, leading to the follow ing recom mendations.
♦  C o n d u c t  C o n f i r m a t o r y  S t u d i e s  i n  H u m a n s  a n d  O t h e r  A n i m a l
S p e c i e s ,  E s p e c i a l l y  P r i m a t e s .
♦  C h a r a c t e r i z e  t h e  C r i t i c a l  E x p o s u r e  P a r a m e t e r s .
♦  C o n d u c t  M e c h a n i s t i c  S t u d i e s  r e l a t e d  t o  t h e  E f f e c t s  o f  E M F  o n
s u c h  P h e n o m e n a  a s  C a l c i u m  I o n s  a n d  N e u r o t r a n s m i t ­
t e r s  a n d  T h e i r  R o l e  i n  C a r d i o v a s c u l a r  F u n c t i o n .
198
Research Recomendations
R E S E A R C H  R E C O M M E N D A T IO N S  F O R  
E P ID E M IO L O G IC  S T U D IE S
INTRODUCTION
B ased on the plenary paper by Dr. G illes Th& iault, there are several 
“generations” o f epidem iology studies o f w orkers exposed to electric 
and m agnetic fields (EM F). These studies can be categorized in  the 
following way:
First Generation
H ypothesis generating studies, including proportionate m ortality 
ratio (PM R) analyses o f State m ortality data and standardized 
m ortality ratio (SM R) analyses o f large occupational groups of 
w orkers not specifically designed to study EM F.
Second Generation
Hypothesis testing studies w ith little or no inform ation on expo­
sure. Exposure was m ostly defined by job/occupation w ith 
expert judgem ent alone defining exposed groups.
Third Generation
H ypothesis testing w ith im proved data on exposure. M ost of 
these studies are ongoing and involve m ale utility w orkers w here 
the exposures are to  60 and 50 H z fields. The prim ary hypothesis 
being tested in  these studies is that exposure to  such fields is 
associated with an increase in  cancer, especially leukem ia and 
brain cancer.
In light o f these previous and ongoing studies, the Epidem iology 
Panel considered the gaps in  occupational epidem iologic studies o f 
EM F, and the types o f inform ation that are needed before new studies 
can be conducted which w ill contribute new know ledge to the fie ld
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The Panel believed there w as a need to  conduct additional 
epidem iologic studies especially in  occupational groups other than 
utility workers; and other potential health effects need to be consid­
ered besides leukem ia and brain cancer. The following recom m en­
dations related to the epidem iology o f EM F in  the w orkplace were 
discussed.
♦ Characterization o f exposure
♦ H ealth effects/responses o f interest
♦ M ethodological issues
♦ Potential w orker populations to study
CHARACTERIZATION OF EXPOSURE
♦  D e v e l o p  B e t t e r  E x p o s u r e  I n f o r m a t i o n
The panel’s prim ary recom m endation was the need fo r better 
inform ation on exposure. Researchers should consider conduct­
ing exposure assessm ents or surveys o f selected occupational 
groups/jobs in order to characterize their potential for exposure to 
EM F. This w ill provide needed inform ation to select highly 
exposedpopulationsforstudy. The epidem iologists need to w oik 
w ith those planning the exposure assessm ents to determ ine 
w hich jobs/occupations need to be characterized. It is im portant 
to consider EM F exposures other than 60 and 50 H z and groups 
other than m ale utility woikers.
♦  C h a r a c t e r i z a t i o n  o f  E x p o s u r e  i n  N e w  E p i d e m i o l o g i c  S t u d i e s
A ll new  epidem iologic studies should include a characterization 
o f exposure. Lack o f good exposure inform ation has been a m ajor 
gap in m ost o f the epidem iologic studies done to date. O ther 
param eters such a harm onics, resonance, and high frequency 
transients should also be characterized
Research Recomendations
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HEALTH EFFECTS/RESPONSES OF INTEREST
The panel prioritized die responses o f interest as follows.
♦  C a n c e r — ( b a s e d  o n  p r e v i o u s  s t u d y  r e s u l t s )
(a) Leukem ia
(b) Brain cancer
(c) B reast cancer (in women and men)
(d) M alignant m elanom a
(e) Non-Hodgkins lym phoma (NHL)
♦  R e p r o d u c t i v e  E f f e c t s
(a) Cancer in children o f exposed workers
(b) A dverse pregnancy outcom es (including low  birth 
w eight, m iscarriage and birth defects)
(c) Disordered ovulation
(d) Dim inished fertility in  men and women
(e) Sperm  abnorm alities
♦  O t h e r  H e a l t h  E f f e c t s  -  ( b a s e d  o n  h o r m o n a l  c h a n g e s  o b s e r v e d
e x p e r i m e n t a l l y )
(a) Sleep disorders
(b) Behavioral changes (including depression and suicide)
(c) M otor neuron diseases
(d) Imm unologic changes
♦  N o n - d i s e a s e  a i d  p o i n t s  a n d  b i o m a r k e r s
The epidem iologist and experim ental biologist need to work 
together to  identify relevant biom arkers based on in vitro  and in 
vivo studies. The issue o f m elatonin is an exam ple.
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METHOLODOLOGICAL ISSUES
♦  D e v e l o p  C o m m o n  P r o t o c o l s
Common protocols should be developed for both exposure 
assessm ents/characterization as w ell as the epidem iologic analy­
ses, so that studies can be com bined for future m eta-analysis. 
This m ay be im portant fo r obtaining the necessary sample size to 
address various hypotheses.
♦  C o n d u c t  M u l t i - c e n t e r  S t u d i e s
M ulti-center studies should be considered, so that large enough 
populations o f sufficient size are available for study. This 
approach is currently being used for some o f die ongoing studies 
o f utility workers.
♦  U s e  E x i s t i n g  D a t a  B a s e s  t o  t h e  E x t e n t  P o s s i b l e
The use o f existing databases should be explored. I f  there are 
appropriate populations that have been previously studied, they 
should be further evaluated if  exposure to EM F can be docu­
mented. For exam ple, a large cohort m ortality study o f alum inum  
reduction workers has been conducted, where the effects from  
magnetic fields have not been evaluated This population is 
exposed to  strong magnetic fields created by the use o f direct 
curren t There are also existing studies o f w elders that could be 
reanalyzed The use o f registries that m ight be used to  identify 
cases for case/control studies should be evaluated An exam ple 
o f this type o f registry is the birth defects registry that has been 
developed by researchers at the Centers for D isease Control.
♦  F o r m u l a t e  A p p r o p r i a t e  H y p o t h e s e s
Hypotheses need to be well form ulated based on previous 
epidem iologic studies o r on laboratory findings, and appropriate 
study designs need to be p lanned For exam ple, incident cancer 
studies rather than m ortality studies should be considered for 
cancers w ith a potentially prolonged clinical course, such as 
breast cancer. This m ay involve die use o f cancer registries.
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♦  I d e n t i f y  P o t e n t i a l  C o n f o u n d e r s
Potential confounders need to be identified  For the cancer 
studies, sm oking and other occupational exposures may be 
im portant, including benzene (for leukemia) and sun rays (for 
melanoma). O ther potential confounders (depending on the 
population under study) include soldering fum es, solvents, poly­
chlorinated biphenyls, etc. O ther factors related to the dem o­
graphics o f the population may be im portant as w ell, such as, 
socio-econom ic status.
♦  I m p r o v e  A n a l y t i c a l  T e c h n i q u e s
Analytical techniques need to be im proved to control for con­
founding; and interaction should be exam ined, e.g. interaction 
between chem ical exposures and EM F exposure, especially if  
EM F acts as a cancer promoter.
♦  C o n t i n u e  H y p o t h e s i s  G e n e r a t i n g  S t u d i e s
Hypothesis generating studies, such as PM R studies based on 
union or com pany death benefit records should continue to be 
pursued The International Brotherhood o f Electrical W orkers 
(IBEW ) or U tility com pany/union records are exam ples o f such 
study groups. These studies should include as m uch inform ation 
as possible on potential exposures, and should only be done to 
focus or refine hypotheses.
POTENTIAL WORKER POPULATIONS TO STUDY
The goal in any new epidem iologic study is to identify a population 
with known “high” exposure to EMF. The im portance o f electric 
versus magnetic fields is not com pletely clear at this time. Ideally, it 
would be preferable to identify a population where a subset is highly 
exposed, but where there is also significant variation o f exposure to 
EM F w ith no other confounding exposures.
Research Recomendadons
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♦  I d e n t i f y  E x p o s e d  W o m e n  W o r k e r s
There is a need to identify an exposed population o f women 
w orkers so that the hypotheses relating to reproductive effects 
and breast cancer can be addressed.
♦  I d e n t i f y  P o p u l a t i o n s  E x p o s e d  t o  N o n - P o w e r  L i n e  F r e q u e n ­
cies
Populations exposed to EM F at frequencies other than pow er line 
frequencies o f 50 and 60 H z should be studied.
♦  S t u d y  R a r e  D i s e a s e s
Rare diseases o f interest require large populations that can be 
identified through existing data bases such as com pany personnel 
or union records.
♦  W o r k e r  P o p u l a t i o n s  t o  b e  S t u d i e d :
(a) Health care workers especially intensive care unit (ICU) 
nurses, users o f nuclear m agnetic resonance instrum en­
tation, and workers involved in shifts that could alter 
their m elatonin levels;
(b) W elders;
(c) A luminum reduction potroom  workers;
(d) Electric railroad workers; and
(e) O ther workers who w ork around electric m achinery/ 
motors.
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R e s e a r c h  R e c o m m e n d a t i o n s  f o r  E x p o s u r e  
A s s e s s m e n t  S t u d i e s
Recent epidem iologic research has generated substantial scientific 
interest in  the possible association between exposure to electric and 
m agnetic fields (EM F), principally from  AC electricity, and adverse 
health outcom es, such as leukem ia and brain cancer. The need for 
conducting exposure assessm ents has been em phasized throughout 
this w orkshop fo r three reasons. F irst, the validity o f these 
epidem iologic studies and the applicability o f the résulte to other 
w orker populations depends, in  part, on careful quantification o f 
exposure to  electric and magnetic fields. Second, the results o f such 
assessm ents in  w orker populations may influence the selection o f 
exposure conditions for in vitro and in vivo experim ental studies. 
Third, the design and im plem entation o f control m easures to reduce 
w orker exposures w ill rely heavily on the inform ation obtained in 
conducting such assessm ents.
There has been considerable progress during the past decade in 
docum enting EM F exposures, prim arily in the utility industry. How­
ever, much research rem ains to  be done. The Exposure A ssessm ent 
Panel identified specific research needs in the six general areas 
suggested by Dr. T. D an Bracken in  his plenary paper.
♦ M easurem ent guidelines
♦ Exposure m etrics in epidem iologic studies
♦ M easurement instrum entation
♦ EM F dosimetry
♦ N on-utility sources o f exposure
♦ W orker communication




R esearch Rccom endations 
MEASUREMENT GUIDELINES
♦  D e v e l o p  P r o c e d u r e s  f o r  E v a l u a t i n g  W o r k e r  E x p o s u r e s
The industrial hygienist or health physicist is the health profes­
sional m ost often charged w ith assessing occupational exposures 
to electric and magnetic fields. Since their form al training usually 
has not covered EM F, guidance is needed to  assure adequate 
exposure evaluations. Further, if  standardized m easurem ent 
protocols are used, researchers can com pare exposure data from  
various sources m easured by different investigators. Such pro* 
tocols should specify m easurem ent param eters, such as dis­
tances, frequencies, duration and num ber o f measurem ents, and 
other physical param eters, sim ilar to the guidance o f the Institute 
o f Electrical and Electronics Engineers (IEEE) for m easuring 
electric and m agnetic fields near pow er lines.
♦  D e v e l o p  P r o c e d u r e s  f o r  C o m p r e h e n s i v e  E x p o s u r e  A s s e s s ­
m e n t
Comprehensive EM F measurements should be conducted in 
research studies to characterize the em issions and exposures from  
both industrial equipm ent and consum er products. The data 
generated should be used in analyzing potential hazards, specify- 
ingexposure and dose param eters for biological studies, selecting 
w orker groups for inclusion in epidem iologic investigations, and 
determ ining the need for, and types of, control technology 
required to am eliorate w orker exposures. D etailed protocols 
should be developed to assure com parability o f the m easurem ent 
data. They should include types o f m easurem ents to be m ade, 
instrum entation requirem ents, and m easurem ent procedures, 
including the location and duration o f the m easurem ent and the 
frequency range.
♦  D e s i g n  a n d  E v a l u a t e  T r a i n i n g  P r o g r a m s
M ost health and safety professionals have m inim al training, 
education or experience in  assessing EM F exposures. These 
professionals w ill require specialized training program s on the
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basic EM F principles, the possible health effects from  EM F 
exposure, die applicable occupational exposure guidelines, and 
die standardized m easurem ent protocols. The program s should 
include instrum ent dem onstrations and laboratory sessions in- 
volvingm easurem ents ofEM F sources,using both survey m eters 
and personal dosim eters, and data analysis should be discussed 
M ethods for evaluating the effectiveness o f these training pro­
grams should be developed and im plem ented.
EXPOSURE METRICS IN EPIDEMIOLOGIC STUDIES
♦  D e v e l o p  B e t t e r  M e t h o d s  f o r  M e a s u r i n g  E x p o s u r e  i n  
E p i d e m i o l o g i c  S t u d i e s
Epidem iologic studies often em ploy only sim ple exposure hier­
archies, such as exposed vs. unexposed occupations. M ore 
accurate m easurem ents o f w orker exposures arc needed. U nifor­
m ity in conducting exposure assessm ents w ill allow  researchers 
to  define exposed occupations and job  titles m ore accurately, to 
identify potential surrogate m easures for exposure, and to recon­
struct exposures in retrospective studies. This research should 
also determ ine w hether it is feasible to  integrate the results o f 
com prehensive w orker exposure assessm ents into sim pler tech­
niques or exposure indices fo r use in large epidem iologic studies 
o f occupational groups. These sim pler m ethodologies m ight 
include questionnaires, expert panel evaluations, job/task clas­
sification m atrices, or exposure prediction models.
Research is  needed to determ ine the field variables that arc 
thought to have biological significance, and to design instrum en­
tation to m easure these variables adequately. For exam ple, some 
researchers have suggested that the orientation and frequency o f 
the field, in  addition to the exposure duration and variability, are 
significant variables in  producing effects in experim ental studies. 
Further, »nee non-work exposures m ay be im portant contribu­
tors to total EM F exposure, personal dosim eters should be used
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to record and store both occupational and non-occupational 
exposure m easurem ent data over extended tim e periods. Re­
search is needed on how to analyze m easurem ent data, including 
summary statistics and exposure prediction models.
MEASUREMENT INSTRUMENTATION
♦  E v a l u a t e  I n s t r u m e n t  P e r f o r m a n c e  a n d  D e v e l o p  Q u a l i t y  A s ­
s u r a n c e  P r o g r a m s
M any com panies m anufacture both survey instrum ents and 
personal dosim eters for m easuring electric and m agnetic fields. 
The m anufacturers provide specifications on the technical char­
acteristics o f their instrum entation, including frequency response, 
accuracy, dynam ic range, isotropic response, and susceptibility 
to  electrom agnetic interference. However, an independent as­
sessm ent o f these instrum ents is needed to assure die user that the 
instrum ent w ill perform  according to the m anufacturer’s specifi­
cations and that the m easurem ent data obtained w ith the instru­
m ent are precise and accurate. Such evaluations should be 
conducted by an independent body (e.g., a governm ent agency) 
or a  university o r private laboratory under supervision o f an 
independent organization. The results o f this independent testing 
should be dissem inated
Instrum entation used to assess occupational EM F exposures 
m ust be evaluated on a long-term  basis. Im portant operating 
characteristics (e.g., frequency response, accuracy, and repro­
ducibility) should be tested extensively to determ ine that the 
long-term  instrum ent response is stable. M easurem ent and 
calibration standards m ust be developed for m anufacturers and 
testing laboratories to use in quality assurance program s. For data 
logging instrum ents, quality assurance m easures are needed 
because o f the vast quantity o f data that can be accum ulated
♦  D e v e l o p  a n d  E v a l u a t e  C o n t a c t  C u r r e n t  M e t e r s
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Extrem ely low frequency electric and m agnetic fields induce 
currents in  exposed humans. These currents result from  the 
interaction o f the field with the body through inductive and 
capacitive coupling, and the induced current is a m easure o f the 
field energy absorbed by the body. M eters w ill be required for 
m easuring currents induced by both electric and m agnetic fields. 
In addition, the electric field can cause contact currents upon 
touching any conducting object in  the field. These currents may 
cause shocks and/or bum s w hen a w orker touches die ob ject 
Thus, an instrum ent is needed to m easure the potential contact 
currents in  the workplace. A ll current m eters m ust be evaluated 
to assure that they provide accurate and m eaningful m easure­
m ents o f these currents w ithout enhancing the w orker’s expo­
sure.
♦  D e v e l o p  I n s t r u m e n t s  f o r  M e a s u r i n g  T r a n s i e n t  F i e l d s
W orkers are often exposed to large transient m agnetic fields 
generated by switching currents produced, fo r exam ple, when 
equipm ent is cycled on and off. These transient fields are o f short 
duration, on the order o f m illiseconds or less, and can not be 
quantitated adequately by currently-available survey m eters. In 
addition to the peak value o f magnetic flux density, the change in 
this quantity per unit time, dB/dt, also has possible significance 
for hazard assessm ent Personal dosim eters are needed that w ill 
m easure these transient m agnetic fields and their tim e rate of 
change. This w ill allow  adequate assessm ent o f occupational 
exposure to  these fields.
E M F  D O S I M E T R Y
♦  D e v e l o p  M o d e l i n g  T e c h n i q u e s  f o r  D o s e  A s s e s s m e n t
Present exposure assessm ent techniques allow  the m easurem ent 
o f only electric and magnetic field strength in the environm ent 
These field strength measurements do not determ ine adequately 
a  w oiker’s EM F exposure. These fields are capacitively and 
inductively coupled to the w orker’s body, resulting in the produc­
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tion o f both surface and internal induced currents and electric 
fields. Dosim etric m odeling techniques are needed that w ill 
estim ate the distribution o f these currents and electric fields 
throughout the body, based on m easurem ent o f the unperturbed 
electric and m agnetic field strengths and their spatial and tem po­
ral variations.
The determ ination o f these induced fields and currents and their 
distribution in  anatom ical m odels o f hum ans is an im portant 
phase in  the study o f mechanisms o f interactions betw een these 
fields and human tissues and organs. The identification and 
investigation o f these intraaction mechanisms is a  critical first 
step in  specifying a dose m easure for use in  both epidem iologic 
and laboratory studies.
NON-UTILITY SOURCES OF EXPOSURE
♦  I d e n t i f y  a n d  R a n k  N o n - U t i l i t y  S o u r c e s  o f  E x p o s u r e
D ata are lacking on EM F exposures in non-utility occupations. 
This research and hazard surveillance w ould identify sources of 
exposure in non-utility industries. Criteria should be developed 
fo r use in  establishing priorities fo r selection o f sources and work 
places where exposure assessm ents w in be conducted. For 
exam ple, occupational sources o f exposure can be classified 
according to pow er consum ption, source-worker distance and 
duration o f w orker exposure to the source. H igh priority should 
be given to industries having high electrical pow er consum ption, 
equipm ent operating at high current, and sources near workers. 
O f particular interest are w ork places with w elding equipm ent, 
electrical transportation, large m otors and electric furnaces.
A fter the non-utility sources and w ork places have been cata­
loged, exposure assessm ents should be conducted fo r these 
occupations, based on the ranking and the m agnitude o f the 




be carried out according to the m easurem ent guidance discussed 
above. Particular attention should be given to m easuring a 
w orker’s exposure over extended durations w ith personal dosim ­
eters. This w ill allow  tracking o f the tim e history o f the exposure 
intensity, including peak values, fluctuations in  die intensity over 
tim e, and tim e-weighted-average values. The results o f these 
assessm ents can be com pared w ith those from  utility occupations 
and relative exposure rankings among and between the occupa­
tional groups can be derived.
♦  D e t e r m i n e  t h e  S i z e  o f  t h e  E x p o s e d  P o p u l a t i o n
Lim ited exposure measurement data and other factors indicate 
that workers in different work sites or using different sources may 
have vastly different exposures. The num ber o f w orkers exposed 
to electric and m agnetic fields o f various m agnitudes should be 
determ ined for different jo b  tides, occupations, and industries. In 
conjunction w ith exposure data, this population inform ation can 
be used to identify groups for epidem iologic studies and to 
provide input into determ ining priorities for designing and im ple­
m enting control measures.
♦  C o l l e c t  E x i s t i n g  O c c u p a t i o n a l  E x p o s u r e  D a t a
The Electric Pow er Research Institute (EPRI) and other groups 
have collected considerable data on w orker EM F exposure fo r a 
num ber o f occupations in the utility industry. lim ited  exposure 
data are also available fo r occupations and w ork places in non­
utility industries. Recent epidem iologic investigations that have 
included exposure assessm ent have been conducted on workers 
in a num ber o f non-utility occupations. The feasibility and utility 
o f collecting w orker exposure data from  these studies and other 
data sources in a central repository for analysis should be evalu­
ated.
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WORKER COMMUNICATION
♦  D e v e l o p  a n d  V a l i d a t e  W a y s  o f  E f f e c t i v e l y  C o m m u n i c a t i n g  
E x p o s u r e  I n f o r m a t i o n  t o  W o r k e r s
The concepts o f electrom agnetic fields, their generation, and die 
resulting w orker exposure are com plex and difficult to explain in  non­
technical language. The problem  is further com plicated by our lack 
o f understanding o f the mechanisms by w hich these fields are 
absorbed in  biological system s and die im pact o f such exposure on 
w orker health. Thus, providing workers w ith a perspective on EM F 
exposure and its attendant risk is a difficult task and requires an 
understanding o f their viewpoints and concerns about EM F expo­
sure. W ays o f effectively com m unicating w ith workers regarding 
these concepts and issues m ust be developed and validated.
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R E S E A R C H  R E C O M M E N D A T IO N S  O N  
M E T H O D S  F O R  R E D U C IN G  E X P O S U R E S
INTRODUCTION
The reduction o f exposure to electric and m agnetic fields (EM F) can 
be accom plished through the evaluation o f existing EM F sources and 
the causes o f these fields, taking steps to reduce their m agnitudes and 
through research and developm ent into control technologies not yet 
available. Some mechanism s o f exposure reduction can be accom ­
plished w ith available technologies w hile other approaches w ill 
require long term  research and development. A ccom plishing a 
reduction in  hum an exposure to low  frequency EM F is dependent on 
a know ledge o f w hat effect the various field  param eters have on the 
relative biological effectiveness o f the field. This m ay include the 
fields frequency, m agnitude or strength, wave form  (harm onic con­
tent), duration, electric and m agnetic com ponents and their phase 
relationships, etc. It is possible, for exam ple, that a reduction in one 
field param eter m ay result in  an increase in the m agnitude o f another 
param eter with unknown consequences. W ithout an understanding 
o f the relative im portance o f the param eters, a com prehensive 
strategy for exposure reduction is difficult to achieve.
The research recom m endations for methods for reducing exposures 
are die result o f discussions o f a panel o f scientists w ith experience in 
EM F controls. The panel began it’s discussion follow ing W illiam  
Feero’s paper and plenary presentation on “M agnetic Field M anage­
m en t” The scientists, upon concluding their discussions, identified 
the following needs.
♦ Identify and characterize EM F sources
♦ Review and recom m end electrical code changes
♦ Continue research on field cancellation techniques
♦ M aterials research
♦ W ork practices
♦ Substitution
♦ Transient suppression
♦ Personal protective equipm ent
♦ Training and education
Research Recomendations
213
R esearch R ecom endations
A sum m ary o f the needs suggested by the panel mem bers is outlined 
below.
IDENTIFY EMF SOURCES
♦  I d e n t i f y  a n d  C h a r a c t e r i z e  E M F  S o u r c e s
The identification and characterization o f EM F sources are 
im portant to any control strategy. Attention should be paid to  the 
m agnitude o f the EM F as a function o f frequency and phase. This 
inform ation w ill be useful when determ ining the effectiveness of 
the various controls and help to ensure that controlling one 
portion o f the frequency spectrum  does not increase fields in other 
portions o f the spectrum.
REVIEW AND RECOMMEND ELECTRICAL CODE 
CHANGES
♦  R e c o m m e n d  C o d e  C h a n g e s  t o  R e d u c e  E M F  E x p o s u r e
One source o f magnetic fields in buildings is m ultiple ground 
return paths in  building wiring. M ultiple grounds are the result 
o f electrical code or m aintenance and repair practices that do not 
consider generation o f magnetic fields. The objective o f review ­
ing the electrical code would be to identify:
(a) those sections o f the N ational Electrical Code that are 
concerned w ith com m ercial building grounding sys­
tems;
(b) why existing practice has developed to the point it is  
now; and
(c) how existing practice/code requirem ents m ight be al­
tered to  reduce occupational exposures to EM F result- 




Source reduction is a  prim ary approach to  reducing exposure to 
any hazardous physical or chem ical agen t Research into com ­
puter m odeling o f m agnetic fields from  building w iring can offer 
designs fo r placem ent o f w ires in  new construction that w ould 
reduce exposures to EM F and would potentially identify m echa­
nism s fo r reducing existing fields.
♦  D e v e l o p  S a f e  I n s t a l l a t i o n  P r a c t i c e s
Electrical w iring installation practices should be developed that 
w ill lead to  low er EM F levels in the workplace. A lso, installation 
practices m ust be carefully reviewed to ensure installers and users 
are not placed at increased risk o f electrocution, fire or other 
hazards as a result o f changes in w iring practices.
♦  D e v e l o p  C o m p u t e r  E M F  M o d e l s
EM F intensities can be estim ated with com puter models. W hen 
com puter m odels are available, recom m endations to  m odify the 
electrical code to apply these m odels should be made.
CONTINUE RESEARCH ON FIELD CANCELLATION 
TECHNIQUES
♦  U s e  C o m p u t e r  M o d e l s  o f  F i e l d s  t o  D e v e l o p  C o n t r o l  S t r a t e g i e s
EM F intensities can be estim ated through the use o f m athem ati­
cal m odels using principles o f electricity and m agnetism . Com­
puters could be used to calculate field strengths and test designs 
o f measures to reduce fields. D evelopm ent and validation o f 
methods is required  V alidation, to adequately m odel building 
features, m ay require the construction o f laboratory facilities so 
that experim ents can be conducted to  determ ine the num ber of 
necessary param eters. The key electrical param eters incorpo­
rated into the m odel(s) and com puter sim ulations can then be 
adjusted to determ ine the resulting m agnetic field sensitivity to 
the various param eters.
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♦  R e v i e w  I n d u s t r i a l  E q u i p m e n t  a n d  A p p l i a n c e  D e s i g n  t o  R e ­
d u c e  E x p o s u r e
The w iring and circuit design o f industrial equipm ent, pow er 
tools and office appliances should be exam ined for m ethods to 
reduce EM F. Controls are best im plem ented during the design 
and fabrication process. Still, retrofit also m ay be required.
♦  D e v e l o p  C a n c e l l a t i o n  T e c h n i q u e s
The routing and location o f w iring in  buildings, tools, appliances 
and other equipm ent can result in cancellation o f EM F through 
the interaction o f opposing fields. Active or passive m ethods can 
be devised that w ill reduce EM F through phase cancellation. 
Research and m odelling in  these techniques is needed.
MATERIALS RESEARCH
♦  D e v e l o p  M o r e  E f f e c t i v e  S h i e l d i n g  M a t e r i a l s
Shielding offers another effective approach to reduce o r elim i­
nate exposures from  EM F. Electric fields can be reduced or 
elim inated w ith the use o f conducting materials. M agnetic fields 
are m ore difficult to shield, generally requiring m ore expensive 
m aterials, which often m ust be form ed into special shapes and 
then annealed. The effectiveness o f com m only used shielding 
m aterials is uncertain at low  m agnetic field strengths (under 0.5 
gauss). Research is needed to develop better m aterials for 
shielding from  magnetic fields. For exam ple, superconducting 
m aterials do not allow  magnetic fields to penetrate. Continued 
research into the developm ent o f high tem perature superconduc­
tors m ay result in  im proved m agnetic field shielding m aterials.
WORK PRACTICES
♦  D e v e l o p  G e n e r i c  A d m i n i s t r a t i v e  C o n t r o l s  t o  R e d u c e  E x p o s u r e
W here cancellation, shielding and personal protective equipm ent 
controls are ineffective or im practical, adm inistrative controls o f 
w ork practices, such as increasing the distance between the
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w orker and the source and m inim izing exposure tim es, should be 
u sed  Task redesign and w orkstation design m ethods should be 
developed M odelling o f EM F (once developed, described 
earlier) should consider die location o f workers, w ork stations, 
etc., relative to  the routing o f building w iring and die location o f 
the building’s structural steeL There arc special situations where 
it m ay be inpossib le to reduce EM F intensities (e.g., substations, 
cable tunnels, and electrical vaults). W hen this occurs, robots 
could be used to  do the work. D evelopm ent o f robots for these 
situations is needed
SUBSTITUTION
♦ D esign M ore E fficient A ppliances (Tools, etc.)
Once EM F sources have been identified, appliances that generate 
low er EM F should be designed Also, higher efficiency appli­
ances m ay have low er field intensities. W hen this occurs 
substitution could be recom m ended (care should be taken to 
understand the EM F from  die substitute).
TRANSIENT SUPPRESSION
♦ R educe T ran sien t E M F
Large transient EM F intensities can occur when equipm ent is 
sw itched M odification to  a circuit design can often reduce the 
generation o f transient fields. A  study o f generic approaches to 
such m odifications would be useful.
PERSONAL PROTECTIVE EQUIPMENT
♦ D evelop A pprop riate  P ersonal P ro tective E quipm ent
Personal protective equipm ent is recom m ended for use when 
other control m easures are not com pletely effective or in  em er­
gency situations. Personal protective equipm ent for use in
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shielding against exposure to  EM F is not currently available. 
M aterial research results may yield light w eight, practical m ate­
rials that can be fashioned into functional garments.
TRAINING AND EDUCATION
♦  I n d u d e  E M F  S o u r c e  R e d u c t i o n  i n  T r a i n i n g  C u r r i c u l a
Training and education are usually not considered control tech­
niques. Still, education o f professionals and w orkers in  the 
concerns associated w ith exposure to EM F w ill help to reduce 
future EM F exposures. Electrical engineering curricula can be 
used to  discuss the sources ofEM F and teach concepts that reduce 
or elim inate them. Therefore, future engineers w ill design 
equipm ent that have low field  characteristics. W orkers can be 
taught about the sources o f EM F and concepts to  reduce their 
exposure to EM F. Knowledge at all levels can provide the m ost 
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Glossary of Terms on Electric and Magnetic Fields
G L O S S A R Y
A dm ittance (Y+). A  ratio o f current to voltage which includes 
inform ation on the relative phase o f these quantities. The com plex 
sum  o f die conductance and the susceptance o f a c ircu it The 
reciprocal o f the impedance.
A m pere (A). The M .K.S. unit o f current, a flow  o f one coulom b of 
electric charge per second.
A nisotropy. H aving a property w hich depends upon direction w ith 
respect to the structure o f the m aterial
A node. The positive electrode. The electrode from  w hich positive 
ions are form ed or negative ions are discharged.
A ntinode. The position o f maximum am plitude in a standing wave.
A rc. A  discharge o f electricity through a gas.
B eats. Periodic variations that result from  the superposition o f waves 
having different frequencies.
Benign T um or. A  noncancexous or nonm alignant growth.
B iphasic. Changing from  positive to negative.
C apacitance. The property o f a system  o f conductors and dielectrics 
which perm its the storage o f electric charge and electric energy when 
potential differences exist between the conductors.
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C apacito r. An object which stores electric charge and electric 
energy.
C harge, E lectric. Like mass, length, and tim e, electric charge is a 
fundam ental quantity required to explain m easurable forces andis the 
fundam ental unit from  which other electrom agnetic quantities axe 
developed
C harge D ensity. Charge per unit area.
C onductance. The ratio o f current to voltage in a circuit which 
absorbs but does not store electric energy. The reciprocal o f resis­
tance. H ie real part o f the adm ittance. The part o f the adm ittance 
which is related to loss o f electric power.
C onductivity , R eal. A  property o f m aterial which when m ultiplied 
by the electric field gives the free current density.
C onductivity , C om plex. A  property o f m aterial which gives the 
ratio between currentdensity and electric field  and includes the phase 
difference between the two field  quantities. W hen w ritten in polar 
form  (a+= 2 d 4>), X  is the ratio o f the m agnitudes o f the current density 
and the electric field and <J> is the phase difference between them. 
W hen expressed in rectangular form  (o*= a + jcoe), the real part (the 
first term ) is the real conductivity and the im aginary term  (preceded 
by j sb V -1) is  the angular frequency (D = 2rcf m ultiplied by the 
perm ittivity e o f the m aterial.
C onductivity , E ffective H om ogeneous. The conductivity o f an 
object view ed as though its dielectric properties were uniform  
throughout
C onductor. A n object which allows a current o f electricity to  pass 
continuously. A  w ire or com bination o f w ires suitable for caiTying 
current
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C ontinuous W ave. A  tim e dependent function o f constant am pli­
tude, not gated or pu lsed
C orona, A lum inous discharge due to ionization o f the air surround- 
ing a conductor which occurs when the loc al electric field exceeds the 
dielectric strength o f air.
C oulom b (C ). The M .K.S. unit o f electric charge— the basic 
electrical quantity.
C ounterion. A free charge w hich is heldneara fixed orim m obilized 
charge by the requirem ent o f electroneutrality.
C u rren t, E lectric . The flow  o f electric charge.
C u rre n t D ensity. Current per unit area.
dB . D ecibel, ten tim es the logarithm  to the base 10 o f a pow er ratio.
D ielectric C o n sta n t A  property o f m aterial w hich w hen m ultiplied 
by the perm ittivity o f free space determ ines the electric energy stored 
per unit volum e per unit electric fie ld
D ipole. Positive and negative charge bound together in such a w ay 
that the center o f gravity o f the positive charge is separated in  space 
from  the center o f gravity o f the negative charge.
D ipole M om ent. The product o f charge and separation o f charge 
centers in a dipole.
D ischarge. The release o f stored charge from  a capacitor or a battery.
D ispersion. Frequency dependence—frequently in a quantity which, 
to a  first order, can be considered to be a  constant, e.g., the velocity 
o f propagation o f electrom agnetic waves.
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D isplacem ent, E lectric  (D). A  field quantity whose source is in  net 
free charge w hich has been created by separation o f charge.
E lectric  f ie ld  (E). The force at a point in space w hich w ould be 
experienced by a unit electric charge. The gradient (space rate o f 
change) o f the w ork required to  m ove a unit electric charge from  one 
position to a  nearby position.
E lectrode. A n electric conductor fo r the transfer o f charge between 
an external circuit and a medium.
E lectroosm osis. The movement o f a charged fluid as the result o f the 
application o f an electric field.
E lectrophoresis. The movement on ions— usually colloidal ions or 
cells w ith net electric surface density— in an electric fie ld
E lectrophosphene. A  sensationof light which results from  electrical 
stim ulation o f the eye.
E lectrostatic . A  condition in w hich the electric charges are at re s t
E lectrom agnetic In terference (EM I). D isturbance in  the operation 
o f an electronic device w hich results from  the presence o f undesired 
local electric or magnetic fields.
Epidem iology. The study o f the incidence o f disease in  its natural 
setting.
E quipo ten tial. A  line or surface characterized by a  single electric 
potential o r voltage.
E xtra-H igh-V oltage (EH V ). W hen pertaining to transm ission 
lines, values ranging from  240 - 800 kilovolts.
Glossary of Tenns on Electric and Magnetic Fields
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E xtrem ely-L ow -Frequency (E L F). In  the m ost lim ited sense, the 
frequency range from  30 - 300 Hz. In this work, extrem ely low 
frequency has been used for any frequency above zero and less than 
300 Hz.
F a ra d  (F). The M .K.S. unit o f capacitance.
F errom agnetic . H aving a  field dependent perm eability som ewhat 
greater than air. U sually ferrom agnetic m aterials have relatively high 
perm eabilities and exhibit hysteresis.
F lashover. A rcing between conductors when the local electric fields 
exceed the dielectric strength o f air.
G am m a. One nanotesla.
G auss (G ). The c.g.s. unit o f magnetic field. Replaced by the M .K.S. 
tesla. One tesla = 104 gauss.
H arm onic. A n integral m ultiple o f a fundam ental frequency.
H ertz  (H z). The unit for frequency— the num ber o f com plete cycles 
o f the quantity per second (cycles/second).
H om ogeneous. Spatially uniform  m aterial properties.
Im pedance (Z+). A  ratio o f voltage to current which includes 
inform ation on die relative phase o f these quantities. The com plex 
sum of the resistance and the reactance o f a c ircu it The reciprocal o f 
the adm ittance.
Induced  C u rren ts. Currents which flow in  an object as a result o f 
exposure to an electric or magnetic field.
Inhom ogeneous. M aterial properties which are not everywhere the 
same.
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In su la to r. A  nonconducting material.
Ion. An electrically charged atom  or chem ical radical.
Jou le. Newton-m eter, the M .K.S. unit o f work.
k . K ilo-. I f  prefixed to a symbol, it means one thousand (i.e., m ultiply 
by 103).
K ilovolt/m eter (k V /m ). One thousand volts per meter.
M eter (m ). The M .K.S. unit o f length.
m . M illi-. If  prefixed to a symbol, it means m ultiply by lfr3.
M . M ega-. If prefixed to a symbol, it means m ultiply by 106.
M agnetic F ield (B). A vector quantity which describes the forces of 
interaction between electric currents and includes contributions of 
both m acroscopic and microscopic (atomic level) currents.
M agnetic Field In tensity  (M agnetic F ield S treng th) (H). A vector 
quantity which describes the forces of interaction o f m acroscopic 
electric currents.
M echanism . A quantitative or qualitative m odel or concept whic h 
explains a set o f experim ental observations.
M .KJS. M eter-kilogram -second, the generally accepted basic uni 
for electrom agnetic fields from  which all other units are derived.
M onopole. A particle with a single charge.
M onotonic. A  function whose slope is either positive ornegative bjit 
not both.
M V /m . One million volts per m eter, m egavolts per meter.
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n. Nano-. If  prefixed to a symbol, it means m ultiply by 10"9.
N egated. U sed here to describe a reported biological effect which 
was not confirm ed on subsequent tests in an independent laboratory.
N ew ton. The M .K.S. unit o f force (one kilogram  centim eter per 
second per second).
N orm al. Perpendicular to.
N orton E quivalen t C irc u it Representation o f an electric circuit as 
a single current source and shunt impedance.
O blate. A flattened sphere— in the extrem e a disk shaped object.
O ctave. A  factor o f two in frequency.
O hm . The M .K.S. unit o f resistance. One volt across an object w ith 
a resistance o f one ohm w ill pass a current o f one ampere.
O rd er o f M agnitude. Roughly a factor o f ten.
p. Pico-. If  prefixed to an electrical unit, it m eans m ultiply by 10'12.
p. If  prefixed to a chem ical symbol, it im plies a logarithm ic 
expression of concentration.
P aralle l C irc u it An arrangem ent o f circuit elem ents such that each 
has the same voltage.
Phase. The m easure o f the progression o f a periodic w aveform  in 
tim e or space from  a chosen instant or position. M ost high voltage, 
a.c. transm ission lines have three conductors or conductor bundles 
w ith the phase of the voltage in each advanced 120° or one-third of 
a cycle relative to the others. In the vernacular, a conductor is 
sometimes referred to as a “phase” as in “the outer phase o f the line.”
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P erm eability . A  property o f a  m aterial w hich if  m ultiplied by the 
m agnetic field intensity H  gives the magnetic field B.
P erm ittiv ity . A  property o f a m aterial which if  m ultiplied by the 
electric field E  gives the electric displacem ent D.
P e rtu rb ed  E lectric F ield. M odification o f an electric field by die 
presence in  it o f a  conducting ob ject
P iezoelectricity. A  property o f certain asymm etric crystalline m ate­
rials that relates die electric field  to  the m echanical strain.
P ostu late (H ypothesis). A  m echanistic predication o f the outcom e 
o f an experim ent A  suggested explanation for a set o f observations.
P ressu re . Force per unit area.
P o ten tia l, E lectric . The w ork required to transport a unit electric 
charge from  a reference position to another position.
P ro la te . An elongated sphere— a cigar shaped object
R elaxation. A  process that can be described as an exponential 
function o f time.
R esistance. The ratio o f the voltage across an object to  the current 
flow ing through i t
Saw -T ooth W ave. A  tim e-dependent function consisting o f a  series 
o f alternating increasing and decreasing ram ps.
Series C ircu it. An arrangem ent o f circuit elem ents such that each 
has the same current
Siem en (S iem en/m eter). T heM JC S. unit o f conductance (conduc­
tivity).
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S h o rt-C irc u it Loaded w ith zero resistance or im pedance.
S q u are  W ave. A  tim e-dependent function consisting o f a series of 
discontinuous changes.
Susceptance. The ratio o f current to voltage in a nondissipative 
c ircu it That part o f the adm ittance which is related to the storage o f 
electric energy.
T esla (T ). The M .K.S. unit o f magnetic field.
T hevenin E quivalen t C irc u it The representation o f a circuit as a 
single voltage source and series resistance.
U ltra-H igh-F requency (U H F). 300-3000 M Hz.
U ltra-H igh-V oItage (UHV). Above 800,000 volts.
V ector. A  quantity w hich has both direction and m agnitude.
V ery H igh F requency (V H F). 30-300 M Hz
V olt (V ). The M .K.S. unit o f voltage or potential.
V olt/m eter (V /m ). The M .K.S. unit o f electric fie ld
V oltage—V oltage D ifference. The electric potential— the w ork 
required to transport a unit electric charge from  one point to another.
W a tt One joule per second, the M .K.S. unit o f power.
\jl M icro-. I f  prefixed to a  sym bol, it m eans one-m illionth (i.e., 
m ultiply by 10*).
#. Not equal to.
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